
This is a digital copy of a book that was preserved for generations on library shelves before it was carefully scanned by Google as part of a project 
to make the world's books discoverable online. 

It has survived long enough for the copyright to expire and the book to enter the public domain. A public domain book is one that was never subject 
to copyright or whose legal copyright term has expired. Whether a book is in the public domain may vary country to country. Public domain books 
are our gateways to the past, representing a wealth of history, culture and knowledge that's often difficult to discover. 

Marks, notations and other marginalia present in the original volume will appear in this file - a reminder of this book's long journey from the 
publisher to a library and finally to you. 

Usage guidelines 

Google is proud to partner with libraries to digitize public domain materials and make them widely accessible. Public domain books belong to the 
public and we are merely their custodians. Nevertheless, this work is expensive, so in order to keep providing this resource, we have taken steps to 
prevent abuse by commercial parties, including placing technical restrictions on automated querying. 

We also ask that you: 

+ Make non-commercial use of the files We designed Google Book Search for use by individuals, and we request that you use these files for 
personal, non-commercial purposes. 

+ Refrain from automated querying Do not send automated queries of any sort to Google's system: If you are conducting research on machine 
translation, optical character recognition or other areas where access to a large amount of text is helpful, please contact us. We encourage the 
use of public domain materials for these purposes and may be able to help. 

+ Maintain attribution The Google "watermark" you see on each file is essential for informing people about this project and helping them find 
additional materials through Google Book Search. Please do not remove it. 

+ Keep it legal Whatever your use, remember that you are responsible for ensuring that what you are doing is legal. Do not assume that just 
because we believe a book is in the public domain for users in the United States, that the work is also in the public domain for users in other 
countries. Whether a book is still in copyright varies from country to country, and we can't offer guidance on whether any specific use of 
any specific book is allowed. Please do not assume that a book's appearance in Google Book Search means it can be used in any manner 
anywhere in the world. Copyright infringement liability can be quite severe. 

About Google Book Search 

Google's mission is to organize the world's information and to make it universally accessible and useful. Google Book Search helps readers 
discover the world's books while helping authors and publishers reach new audiences. You can search through the full text of this book on the web 



at |http : //books . google . com/ 



rrpaihed bi 



%tt|*3mXQlfC 



VI- 



:a 




1 



•fl« 



'1 



Digitized by CjOOQ IC 



Digitized by CjOOQ IC 



ELECTRICAL ENGINEERING 



Digitized by CjOOQ IC 



Digitized by 



Google 



Digitized by 



Google 




^ 






o 

SI 



i 

t4 

a? 



^ 



Digitized by VjOOQ IC 






J'lliN l!'I.i- \Ni> I'l, a'ilvj. H li.-. ^' M ' J 



. "M ■ V ■'.: ••••.■ ■ ... 









-•MX':' 



I • Mm \ .\ I M W \"' \' ]'i 

..5, am;! M-'?I F - t KM" I '•'^• 



Digitized by CjOOQ IC 



Digitized by CjOOQ IC 



ELECTRICAL ENGINEERING 

AN ELEMENTARY TEXT-BOOK 



SUITABLE FOR 

PERSONS EMPLOYED IN THE MECHANICAL AND ELECTRICAL 

ENGINEERING TRADES, FOR ELEMENTARY STUDENTS 

OF ELECTRICAL ENGINEERING, AND FOR 

ALL WHO WISH TO ACQUIRE A KNOWLEDGE OF THE CHIEF 

PRINCIPLES AND PRACTICE OF THE SUBJECT 



E. ROSENBERG 

M 
CHIEF ELECTRICAL ENGINEER OF THE ELECTRICAL COMPANY, BERLIN (a.E.G.) 
FORMERLY CHIEF OF THE TESTING DEPARTMENT AT 
THE VIENNA 8CHUCKSRT WORKS 

TRANSLATED BY 
W. W. HALDANE GEE, B.Sc. (Lond.), A.M.I.E.E. 

PROFESSOR OF APPLIED PHYSICS AT THE MUNICIPAL SCHOOL OF TECHNOLOGY, MANCHESTER J 
FORMERLY LECTURER OF THE VICTORLA UNIVERSITY 

AND 

CARL KINZBRUNNER 

LECTURER ON ELECTRICAL ENGINEERING AT TME MUNICIPAL 

SCHOOL OF TECHNOLOGY, MANCHESTER ; 

FORMERLY ELECTRICAL ENGINEER OF THE VIENNA SCHUCltERT WORXS 




LONDON AND NEW YORK 

HARPER & BROTHERS 

45, ALBEMARLE STREET, W. 
1903 

(Ail rigkrs rrser^eJ) .^^.^^^ ^^GoOglc 



Second Impression 



Digitized by 



Google 



MAR 9 ]90'i 

•HI 3. t%l <o Z 



PREFACE 

This book had its origin in a number of lectures which I delivered 
two years ago to the workmen and the staff of a large electrical 
manufacturing firm. The circle of readers for which this book is 
intended is^ in the first place, the same as that to which my audience 
belonged. It should give to workmen of electrical engineering works 
the knowledge of the operation of machines and apparatus with 
which they are concerned. I have endeavoured to use such language 
that people who have only a general school education should be 
able to understand. For this reason several matters have been dealt 
with very completely which, to the mathematically educated man, 
could have been expledned in a few lines — such as, for instance. 
Ohm's Law and resistance calculations. I have in these cases 
endeavoured to explain the matter first without the help of mathe- 
matics, and then have finally, as a key-stone — after having worked 
some examples — stated the formulse. In the part relating to the 
"output of a three-phase current system," in a similar way, there 
are calculations and formulae, since it is necessary for the student 
to be acquainted with these. Generally, however, calculations and 
formulaD are avoided, as in the case of the whole chapter about 
dynamos. The book will not enable the reader to calculate the 
parts and windings of dynamos, and he should not even think that 
he is able to do so. For the elementary student, the wireman, 
for the engineer as well as for the general public who desire to 
know something about electrical engineering, it is quite sufficient 
if they understand the working of dynamos, their faults, and the 
reason and the cure of the latter. 

The book covers a wide area. It comprises, besides the funda- 
mental phenomena of the electric current, dynamos and motors 
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or continuous, alternating, and three-phase current, then accumu- 
ators and their apparatus, measuring instruments and electric 
ighting. All these things must be known by an electrical engineer, 
t was, of course, impossible to deal equally completely with all these 
hemes. It is not possible to describe all shapes of dynamos, and 
nany types of arc lamps and measuring instruments. Only the most 
mportant types are dealt with, and their working is explained. 
Turther detail is impossible, having regard to the extent of the book, 
jid I do not consider it to be necessary. Every electrical firm 
>ublishes complete pamphlets about their special manufactures, and 
n extraordinary cases the installer gets special diagrams of connec- 
ions and specification for the plant he has to erect. Besides that, 
inybody who understands the machines and apparatus described in 
;his book will be able to make himself clear as to other types. 

About laying mains and about installation material but little 
s said in this book. The necessary information may be found 
3lsewhere. 

Although this book is chiefly for electrical men and for 
bhose who intend to become such, yet the general public desiring 
bo get some general information about Electrical Engineering will 
read the book with advantage. I am also in hope that in some of 
the chapters useful hints may be found by the educated electrical 
3ngineer. 

My object has been a practical one, and the arrangement of 
the material has been made from a practical point of view. I 
have, therefore, departed in some cases from the historical order; 
for instance, in the case of dynamos. Again, facts have been 
omitted which are indeed necessary for the scientific, but not for 
the practical treatment of the matter; for example, in describing 
accumulators and the induction effects of alternating currents. 



E. BOSENBEKG. 



Hanover, 
January, 1902. 
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TRANSLATORS' PREFACE 

We have undertaken the translation of Herr Rosenberg's " Elektrische 
Starkstrom-Technik " with the idea that the book will be distinctly 
helpful to less advanced students of electrical engineering in the 
EnglishHspeaking countries. 

It is the work of an electrical engineer, and is written from an 
engineering standpoint. Its origin is explained in the Author's 
Preface, and the opinion of German critics is seen to be favourable 
from the Press Notices which are given at the end of the volume. 

In one way the work is difiTerent to others of an elementary 
kind — in the space that is given to alternating current electrical 
engineering. This subject is usually practically ignored, or is treated 
so mathematically that it is quite beyond the powers of most readers. 
We feel sure that here the work will not only be of value for 
its clear explanation of principles, but also for the useful practical 
hints relating to plant of this kind. In polyphase work, which is 
now becoming of importance in England, the author has been 
especially careful to make his explanations easy to follow. 

Some change from the original has been inevitable in giving an 
English dress to the work. The illustrations have been revised, and 
a number from English firms have been added. We here tender our 
thanks to those firms who have been so good as to provide us with 
blocks. Their names are given with the illustrations. 

We have also to thank our colleague Mr. Norman West, 
Demonstrator in Electrical Engineering, and several of our third- 
year students, for assistance in revising the final proofs. 

W. W. HALDANE GEE. 
GAEL KINZBEUNNER. 

Manchxsteb, 
Jdiraory, 1903. 
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ELECTRICAL ENGINEERING 



CHAPTER I 



FUNDAMENTAL PJRINCIPLE8 



Electrical Phenomena 

If, in a glass vessel, filled with water and dilute sulphnric acid, in 

the proportion of about one part of concentrated acid to ten parts 

of water, is placed a plate of zinc, Zn, (Fig. 1), and 

a plate of copper, Cu, which are connected by a 

wire, it vdVL soon be observed that the wire gets 

hot. If the contact at any point of the wire be 

interrupted so as to make an air gap, a spark will 

be observed at the moment when the break is 

made. This is an electric spark. The name 

"electricity" is derived from the Greek word 

electron, meaning amber, because this substance, 

when rubbed, produces electricity. The spark 

produced with the apparatus of Fig. 1 is a very small one. But 

if we connect a number of these galvanic cells in series, as shown in 



HWWWWWWWWWWWWWWWH 




Fio. 1.— Galvauic 
Cell. 




Fig. 2.— Galyanio Battery. 

Fig. 2, taking care to connect the Zn of one cell with the Cu of the 
other, then, on bringing together the last Zn and the last Cu, sparks 
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of great length may be obtained, and long spirals of metal — as shown 
in the illustration — ^may be raised to red heat, and may even be 
melted. We call such an arrangement of cells a galvanic battery. 

From the heat produced in the circuit we might infer that some 
kind of motion exists in the circuit. We know from experience that 
whenever a body is set in motion by a force, part, or in some cases 
the whole, of the force is expended in overcoming the frictional 
resistance and J)roducing heat. If, for example, some bricks slip 
down an inclined plank, the latter becomes quite hot, especially if 
the bricks follow each other very quickly. Again, when a train 
passes along the rails, the temperature of the rails is raised, and the 
faster the train the greater the amount of heat. 

In the case of the battery we may imagine a motion in the 

connecting wire, and the faster this motion the hotter the wire 

becomes. We shall call this motion which cannot 

be seen, and is known from its effects only, an 

electric current. 

Now let us wind the wire connected with the 

battery in the form of a spiral, and slip it over a 

T t, rod of soft iron (technically called a core), as 

^ [, shown in Fig. 3, then the iron becomes strongly 

magnetic. But if we break the battery circuit 
anywhere, so that no current can flow, the core 
will at once lose its magnetism. We conclude, 
then, that the electrical current has the power of 
converting an iron bar into a magnet. The 
arrangement just described is termed an electro-magnet. 

Again, if we take a bobbin wound with wire and pass a current 

through it, we shfdl find that a light 
piece of iron will be attracted into the 
interior of the bobbin (see Fig, 4). 
We learn from this experiment that a 
coil round which a current flows causes 
even the space it encloses to be a 
magnet. 

Another important experiment is to 
send the electrical current through 
acidulated water. Immediately the 
connection to the battery is made the 
water behaves as if it were boiling, and 
bubbles of gas rise up the wires and 
escape into the air. With the apparatus shown in Fig. 5 the gases 
may be collected. The tubes are first filled with water, and then 
inverted over the wires, which should be of platinum. One gaa is 
oxygen, and it wiU be found that this escapes from the end of the 



Fig. 3.— An Eleotro- 
magnet. 




Fro. 4.~IioD attracted by 
Eleotro-magnet. 
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FUNDAMENTAL PRINCIPLES 3 

wire connected with the copper plate ; the other gas is hydrogen, 

and it will be double in volume 

to the oxygen. Now collect both 

gases in one tube, and bring a 

lighted match to the mouth of the 

tube, when the gases will instantly 

combine with explosion, and form 

water, which is composed of oxygen 

and hydrogen. 

From the various experiments, 
we learn that the effects of the 
current are threefold, namely — 

1. Heating and lighting effects. 

2. Magnetic effects. 

3. Chemical effects. 

The student must try to re- 
member that, technically, the upper 
end of the copper plate is termed 
the podtiTe pole; and that from 
the wire connected to it oxygen 
escapes, as shown in Fig. 5. The 
zinc end is called the negatiTe pole; from the wire connected to 
it hydrogen escapes. 

The electric current is supposed to travel from the positive to 
the negative pole. 







r 


^- ■--^■-■1 




^ 


rl 


-~^~ ' 





Fig. 5.— Deoomposition of Water. 



Electro- motive Force 



From the foregoing experiments we come to the conclusion that 
a force exists which drives a 
current along the wire. This may 
be readily illustrated by the help 
of an analogy. Let there be two 
tanks (Fig. 6) filled with water, but 
to different levels, and connected 
by a pipe. Then the force due to 
the difference of heights of the 
water will produce a motion of the 
water in the pipe in the direction 
from the high to the low level, 
and will continue as long as there 

is a difference of level. In the Fio. 6.— Hydraulic Analogy. 

case of electricity we must imagine 

a similar difference of pressure to cause an electric current. This 
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difference is termed a difference of electrical potential. When two 
metals of the same kind are immersed in an acid solution no differ- 
ence of electrical potential is produced, and therefore, when the metals 
are connected by a wire, no current results. But if the metals are 
of different kinds a potential difference is produced, and a current 
wiU pass through a connecting wire. If the plates are of copper 
and zinc, the potential of the copper plate is higher than that of the 
zinc, and the current therefore flows from copper to zinc. The 
force causing the difikrence of potential is usually called by electricians 
the electro-motlTe force. 

Again let us refer to the hydraulic analogy. The stream of 
water, which we compared with the electric current, flows only as 

long as there is a dif- 
ference of levels. Now 
let it be considered 
what would have to be 
done to produce a con- 
tinuous stream of water. 
If a pump be inserted 
in the circuit (Fig. 7), 
then the water may be 
forced to an upper 
tank, and will descend 
through the opening 
in the bottom, to b^ 
again pumped up once 
more. In the electrical 
circuit we have a similar 
action. When two dif- 
ferent metals are im- 
mersed in acid, and one 
of them is acted upon 
by the acid, a continual 
difference of potential is produced, the chemical action here producing 
the necessary, as it were, pumping action. 

An electro-motive force may be produced by other than chemical 
means, and we shall show later that electro-motive force may be 
obtained by mechanical power. The galvanic cell is only one 
of several means of producing an electric current. 




Fio. 7. — Production of Water Corrent. 
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FUNDAMENTAL PRINCIPLES 5 

Electric Units — Measurement of Currents- 
Ohm's Law 

It is not possible to measure an electrical current directly, as in 
the case of a stream of water we can measure its quantity. "With 
the electric current we must judge of its strength by observing 
the effects of the current. If, for example, we connect a piece of 
wire with the poles of a cell, and the wire does not get hot, and if 
we now remove the wire and connect it across the poles of a battery, 
and the wire now is heated, it is quite clear that the current has 
been stronger in the second case. Again, if a coil is connected 
firstly with a single cell and it is found that only small pieces of 
iron are attracted, whereas when the coil is connected with a battery 
heavy pieces are attracted, we infer that the current is of greater 
strength in the second case. A third example may be taken from 
the decomposition of water : when an electric current passes through 
. it, the greater the evolution of gas the greater must be the strength 
of the current. 

In one of these ways the strength of an electric current may 
readily be determined, if only we have a unit strength of current 
with which to measure the effects. For this purpose the chemical 
effect may be best used, because the quantity of the gas produced 
can be measured by the help of a graduated tube. Electricians have 
fixed upon that current as a unit which will liberate in one minute 
10*4 cubic centimetres of mixed gas. This unit is called after an 
eminent French scientific man — an ampere (often abbreviated to amp.). 

If, then, we find that a certain current gives 20 '8 cubic centimetres 
of gas per minute, we denote the current strength as of 2 amperes ; 
if, on the other hand, the amount of gas per minute be 104 cc. then 
the current is 10 amps. ; and so on. 

An apparatus for measuring the strength of an electric current by 
means of the chemical effects is called a gas voltameter, after Yolta, 
who was one of the first to study electric effects. 

Although the voltameter will measure the strength of an electric 
current it is rather troublesome in practice, and is therefore almost 
exclusively used for laboratory work and for the testing of other 
instruments, as we shall presently see. 

Instruments depending on the magnetic effect or the heating 
effect are very frequently used. In Fig. 8 is shown a current- 
measurer of the electro-magnetic type. It essentially consists of a 
coil of wire a, into which dips a thin and easily movable iron core, e, 
A pointer, /, is connected with a bent lever in such a way that when 
the core moves downwards the pointer revolves, and its position 
will be indicated on a scale which is not shown in^the figure. By 
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the adjustment of the little weights at d and d, which are movable 
along the screws threaded on the short arms, the zero position of the 
index may be adjusted. 

If wo send a current through the coil the core will be drawn into 
the interior, and the pointer will therefore move to a new position ; 





Fio. 8. — Electro-magnetic Ammeter. 

and the stronger the current the greater will be the deflection of the 
pointer. To find the value of the current corresponding to the 
deflection it is necessary to submit the instrument to the process 
called calibration. For this purpose it is necessary to connect the 
instrument with the voltameter, in such a way as to cause the 
current to flow simultaneously through both. If we now regulate 
the current so as to ensure the liberation of 10*4 c.c. of gas per 
minute, then we know that 1 amp. is passing, and the position of the 
pointer can be marked accordingly. The current can now be increased 
so that 2 amps, pass and the new position of the pointer be marked. 
Let this process be continued until the highest possible deflection of 
the pointer is reached, when the calibration will be complete. We 
have now what is called an ammeter. 

In Fig. 9 is shown an ammeter depending on the heating efiect of 
the current It is known as of the hot-wire type. It consists of a 
very fine platinum-silver wire, hh, which is fixed at the points 1 and 
2, and is connected at the middle point, 3, to another fine wire, rf. 
This latter is wound round a small roller, r, and is kept continuously 
strained by means of a spring,/. When a current is sent through 
the wire hh it gets heated and expands, and so enables the spring/ 
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to pull the wire d forward, which action rotates the roller and moves 




Fio. 9. — Hot-wiro Ammeter. 



Fio. 10.— Electro-magnetic Ammeter 
{Tlie Electrical Company), 



the pointer z. The instrument can be calibrated in a similar way to 
the electro-magnetic instrument. 
Complete instruments of the 
two kinds are shown in Figs. 
10, 11, and 12. 

In Fig. 12 it will be seen 
that, attached to the pointer 
and moving with it is a disc of 
aluminium. The upper edge of 
this moves between the poles 
of a horseshoe magnet. The 
purpose of this arrangement is 
to damp the motion so that the 
pointer is speedily brought to 
rest and the value of the current 
quickly known. 

For the purpose of measuring 
the Electro-motive Force — 
usually abbreviated to E.M.F — 
it is also necessary to fix a unit. 
This might be the E.M.F. of a 
zinc-copper cell, but for certain reasons which need not be given 
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here, a rather different unit, called the volt, after the name of Volta, 
has been selected. It may be mentioned here that the E.M.F. of 




Fig, 12. — Hot-wire Ammeter (Johnson and PhiUip^) 

a cell depends purely upon the materials of which the cell is 
constructed, and in no way upon its size and shape, the distance 
apart of the plates, or the depth of the immersion in the liquid. 

These circumstances have, however, an important influence on the 
strength of the current, as will presently be made clear. 

We must now examine the influence of the E.M.F. in producing 
ft current. For this purpose let us go back to the hydraulic analogy. 
In the tube connecting the two tanks the water-stream will be the 
greater, the greater the difierence of the heights of the columns 
uf the liquid ; but it does not depend on that alone. The resistance 
ol the tube must have a considerable efiect. If the tube is very long 
VLUii the inside rough and the bore small, then but little water can 
pa8S through it. If, on the other hand, the tube is short with a large 
II 1*016 of polished material, then for the same water-driving force the 
* atr<3am of water must be much greater. 

Exactly the same is the case with the electric current, for the 
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FUNDAMENTAL PRINCIPLES 9 

strength of the electric current depends not only on the E.M.F., but also 
on the resistance of the circuit. Through a short thick wire connecting 
the poles of a cell a stronger current will pass than if a long and 
thin wire be used. 

This dependence of the intensity of the effect on the driving 
force and the resistance is to be met with, not only in the case 
of the water-stream and of the electric current, but also with many 
things in daily life. For example, imagine there are two countries 
with a great difference of density of population, then many 
people will emigrate from the country with the denser population 
to the country with the smaller one. The more crowded country 
produces, in a manner, a stronger pressure towards the other 
country, and the pressure difference can be considered as the driving 
force of emigration. But not only has this pressure difference an 
influence on the emigration, but it is of great importance what 
opposition is offered to the flow of the people between the two 
countries. If the countries are near each other, and a good and open 
road leads from one to the other, then the stream of people which 
flows from one country to the other, may be a very great one ; on the 
other hand, if the countries are separated by means of high mountains, 
wide seas, etc., then the resistance to the flow will be greater, causing a 
corresponding diminution of the emigration. If, finally, the boundary 
happens to be an impassable one, then, although a driving force may 
exist, yet the countries will be insulated from each other. 

In a like manner, there are some materials which offer a veiy 
small, others which offer a very great resistance to the electric 
current. When the resistance is extremely great the substance is 
called an insulator. On the other hand, materials which do not much 
impede the current are termed condncton of electricity. To this 
latter class belong all metals : first of all, silver and copper ; then gold, 
aluminium, zinc, platinum, iron, tin, lead, German silver, the liquid 
metal mercury; next carbon; and, finally, many solutions, such as 
sulphuric acid mixed with water, and salt solutions. 

Insulators, or non-conductors, include the following : dry wood, 
silk, cotton, india-rubber, gutta-percha, asphalt, oil, porcelain, glass, 
dry air, and so on. 

It must be clearly understood that the term conductor or insulator 
is not to be considered as an absolutely fixed one ; this may be well 
understood by the reference to the example of two countries. In 
ordinary cases the impediment of great mountains will be sufficient 
to stop the passage of people between the two countries, but cases 
may arise in which the driving force may be so great that nearly 
all impediments can be overcome. In a like manner, materials which 
may insulate at lower voltages may become conductors at higher 
pressures. If we cover a conductor with an insulating substance in 
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order to prevent the escape of electricity, it follows, from what has 
been just said, that it will be necessary to make the covering thicker 
for higher than for lower voltages. For a wire which is connected 
with a single cell, an insulation of a winding of cotton or silk is 
quite sufficient, whereas a wire which is connected with a generator 
of some 1000 volts must be covered with several layers of indm-rubber 
or other insulators. 

The law which expresses the relation between current strength 
and electro-motive force tells us that the current is stronger the 
greater the E.M.F., and is smaller the greater the resistance of the 
circuit. For resistance a unit is also required. This may be definitely 
fixed as follows: If we have a wire of any size, and of any 
material through which flows a current of 1 amp., the difference 
of potential between the beginning and the end of the wire being 
equal to 1 volt, then the resistance is equal to the unit of resistance 
which is called the ohm. A convenient abbreviation for the ohm is 
the Greek letter w. 

The ohm can be made from any metal. To give a definite idea 
of its value it may be mentioned that about 10 feet of a copper wire 
of No. 33 S.W.G.,* which has a diameter of iJoth of an inch, is 1 
ohm in resistance. Again, 60 metres of copper wire 1 square 
millimetre cross section has a resistance of about 1 ohm. 

To make a standard resistance copper is not used, for the reason 
that it oxidizes in the air, and that it is difficult ta obtain the metal 
quite pure. The best material for the purpose is mercury. By 
careful measurements it has been found that a column of mercury, 
1 sq. mm. in section and 106*3 cm. long, has a resistance of 1 ohm. 

Since 1 volt produces in a circuit of 1 ohm a current of I amp., 
therefore an E.M.F. of 10 volts will produce in the same circuit a 
current of 10 amps. ; or, in other words, the strength of a current 
varies directly as the electro-motive force. 

Let us now keep constant the pressure as 1 volt, and vary the 
resistance of the circuit ; then through a resistance of 2w will flow 
a current of J amp., through a resistance of 10 w will flow a 
current of j\, amp., and so on; in other words, the strength of 
a current varies inversely as the resistance. Let us next consider 
what will be the strength of a current which is produced by an 
E.M.F. of 10 volts, in a circuit of 2w. If the resistance is Iw the 
resulting current is 10 amps. ; but since the resistance is twice as 
great, the strength of the current will only be one-half, or 5 amps. 

An E.M.F. of 110 volts wiU produce in a circuit of 220w a 
current of Jio == J ^™P- ^^ ^ obvious from these examples that 

* 8.W.G. is an abbreviation for the Standard, Imperial, or Board of Trado Wire 
<Jaug©. 
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the number of amperes passitig through a circuit is obtained hy dividi7ig 
the number of volts by the number of ohms in the circuity or — 

Current streiLgth = Electro-motive force -f- Besutance. 
Expressed by the initial letters of these words, we may write — 

C = E-7-R 
or in the form of a fraction — 

This last is the mathematical expression for the law that we have 
expressed in words above. It is called, after its discoverer, the Law 
of Ohm. 



The Calculation of Resistance 

To compare the electric resistance of different materials it is usual 
to find the resistances of the substances when all are of the same 
length and cross-section. If the materials are in the form of wires, 
each of some specified length and cross-section, say 1 m. in 
length and 1 sq. mm. in cross-section, then the number giving the 
resistance in ohms is called in each case the specific resistance. 

From the data previously given, it will be easy to find the 
specific resistance of copper and mercury. We know that the 
resistance of 60 m. of copper wire, 1 sq. mm. in section, has a 
resistance of Iw, hence its specific resistance is -^^w. Again, a 
mercury column of about 106 m. and of 1 sq. mm. cross-section 
has a resistance of Iw, so the specific resistance of mercury is 
^•U = 0-94i^. 

The following numbers show approximately the specific resistance 
of most of the important metals : — 

Ohms. 

= (^2 about 

~ GO " 
~ 50 " 

= ao " 

:■> " 

- 10 ^' 
_ I 

!•? " 
It " 

— 10 
~ 2 



Silver ... 


Ohms. 

0016 


Copper 


00167 


Gold 


002 


Aluminium 


0033 


Brass ... 


0070 


Iron ... 


010 


Lead 


0-22 


German silver . . . 


0-25 


NickeHn 


0-35 


Mercury 


0-94 
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The numbers given above are average numbers, and assume that 
the temperature is about 60° F. In accurate work it is necessary to 
state the temperature for the reason that the resistance varies with 
the temperature. 

[The units, metre for length and sq. mm. for cross-section, are very convenient for 
practical work, and are much used abroad. In England, where the metric system 
has not yet been adopted, common units are the inch, foot, or yard for length, and 
the square inch for sectionsd area. 

A system in which centimetre measure is used is recommended for universal use. 
To change the above numbers in accordance with this system it is necessary to 
remember that 1 metre is equal to 100 centimetres, and that 1 sq. cm. is equal to 
100 sq. mm.; then, from what follows, the above numbers must be divided by 
10,000; thus the specific resistance of silver in centimetre measure is 0*0000016. — 
Translatobs.] 

The purity of the metal has an important influence on the specific 
resistance. With alloys the proportions of the metals will give great 
changes in the resistance. For example, there are kinds of copper 
which have a specific resistance of Tj\y and even greater; diflferent 
kinds of the alloy nickelin have specific resistances ranging 
from J up to J, while German silver may vary from } to |- in 
specific resistance. 

The different materials used for resistances in workshops and 
laboratories must therefore always be electrically tested, but for 
approximate purposes the numbers given above may be used. 

With carbon the specific resistance differs greatly with the nature 
of the carbon. There are some kinds with a value of some hundreds 
of ohms, whilst carbon prepared under high pressure may be only 12. 

From the table which we have given we may readily calculate 
the resistance of a wire of any of the materials, if we know the length 
and cross-section of the wire. As we have learnt from the analogy 
of water flowiog through a tube, the resistance is greater the longer 
the tube, and is smaller the bigger the area of cross-section. A 
copper wire 10 m. long and 1 sq. mm. cross-section has a resistance 
of 10 X 6^0 = h^' -^ copper wire 1 m. long and 2 sq. mm. cross- 
section has only half as much resistance as the one of 1 m. and 
1 sq. mm. area; thus g^y -7-2 = y^ow. We infer that a wire of 
10 m. and 2 sq. mm. cross-section must have a resistance of y^^ 
X 10 = ^^u). 

These results we may express in words as follows : — 

The resistance of a wire of certain cross-section and length is to be 
found by multiplying the specific resistance by the number of metres 
in length, and dividing by the number of square millimetres in cross- 
section; or — 

EesistaiLoe = upecifio resistance x length -f- area of cross-sectiorL 
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This may be abbreviated to — 

a 
where R = resistance in ohms ; 
/ = length of the wire ; 
a = the cross-section of the wire ; 
K = the specific resistance. 
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Examples. 

1. What resistance has a copper wire 1000 m. long and 4 sq. mm. cross- 
section ? 

Applying the formula we have — 

R = «Aj X J^ = 4-16« 

2. There are resittanoe firames, as shown in Fig. 13, of frequent use in electro- 
technical work, for the purpose of regulating the strength of an electrical current. 




Fio. 18.-ReBifltanoe Frame. 

They are generally made with coils of metal having a high specific resistance. Let 
us suppose that German silver be chosen as the kmd of wire. The question is : 
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How much wire, having a cross-section of 1 sq. mm., must be used to give a resist- 
ance of 100« ? /. . r 
Since German silver has a specific resistance of J, then 4 m. of a wire of 
1 sq. mm. will have a resistance of la*, so that for lOOu* we require 400 m. 
To place such a length of wire in a comparatively small space necessitates its 
wlnmng in spirals as shown in the illustration. 

3. If in the previous example we had used a wire of double the cross-section, 
then it would be necessary to take 800 m. On the other hand, if the cross-section 
had been halved the length would only be 200 m. 

4. If a copper wire, 2000 m. long and 3 sq. mm. cross-section, be connected with 
an E.M.F. of 110 volts, find the current passing through the wh-e. 

First we must find the resistance of the wire. This is — 

R = 1^ • n^ = ii'i« 

The current strength is now found by dividing the voltage by this resistance 
or — 

C = g = fjTj = 9*9 amps. 



Other Forms of Ohm's Law 

We are now able to calculate the current, being given the voltage 
and the resistance. It is, of course^ also possible to calculate the 
resistance of a circuit if the voltage and current strength be given. 
If, for instance, the voltage be 10 volts, and the current flowing be 
2 amps., then we may find the resistance of the circuit as follows: 
If the resistance of the circuit be Iw, then the number of the 
amperes must equal the number of the volts. On the other hand, if, 
as in our example, the amperes are smaller than the volts, it is 
obvious that the resistance is greater than Iw. A moment's thought 
will show that it must be five times as great, or 5w, for the current 
is one-fifth of the voltage. 

In like manner, if the voltage be 110 and the current be J amp., 
then the resistance of the circuit is ^f}.§ = 220(u. 

The general rule is, then — 

The resistance of a circuit is to be found by dividijig the E.M.F. 
by the current strength ; or — 

EesistaiLoe =s E.M.F. -f- Current strength ; 

There is stiU one other way of stating Ohm's Law. Suppose that 
we know the current and the resistance, and require the voltage. 
Given, for example, a resistance of 220cii and a current of ^ amp. 
What is the voltage? Since to get with a resistance of Iw a 
current of i amp. a voltage of ^ volt must be used, we argue that 
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to get the same current with a resistance of 220(0 we must increase 
the volts 220 times, or the volts must be 05 x 220 = 110 volts. 
Writing this so as to apply in a general way, we say — 

E.M.F. = Current strength x Eesistance ; 
orE = C X E. 

The three fonnul® : 

C=l W 

E = C (-^^ 

E = C X R (3) 

really mean one and the same law in different forms convenient for 
practical calculations. 



Internal Resistance— Drop of Potential 

If we connect any apparatus, A (Fig. 14) by means of copper 
wires with the battery B, our circuit consists of three parts, viz. the 
battery, the main conductors, and the appara- 
tus. Each of these has a certain resistance, 
and that of the battery is called the internal 
resistance. The sulphuric acid or other liquid 
that may be used in the cells has, when 
compared with metals, a very high specific 
resistance, so that to prevent the internal 
resistance becoming too great it is necessary 
to have the cross-section of the liquid suitably Fig. 14.— Simple Circuit, 
large. 

Suppose that the internal resistance of the battery is la>, the 
resistance of the main conductors 2(u, that of the apparatus 
3w, and the voltage of the battery 12. Then, since 1 + 2 + 3 = 6 
is the combined resistance, the current flowing in the circuit will be 
J|^ = 2 amps. Hence a voltage of 12 is required to give 2 amps, in 
the circuit with a total resistance of 6ai. If only the apparatus 
of Sbi had been in the circuit, then the pressure to produce the 
2 amps, would have been but 3x2 = 6 volts. Now the conducting 
wires having a resistance of 2(u, a pressure of 2x2 = 4 volts 
wiU be required for them. Again, for the battery which has a 
resistance of Iw, a voltage of 1 x 2 = 2 volts will be wanted. The 
total voltage of 12 is thus consumed in the whole circuit, but only 
6 volts are usefully employed on the apparatus A. The 4 volts 
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consumed by the conductors and the 2 in the battery represent a loss, 
or drop, of potential. 

In consequence of the drop of potential in the battery, there is 
available at the poles, not the whole 12 volts that the battery 
produces, but a smaller number. If we measure, by the help of a 
suitable instrument (to be described later on) the terminal voltage of 
the battery, we shall find it to be 10 volts only when a current of 
2 amps, flows through the circuit, giving under these conditions a 
drop of pressure of 12 — 10 = 2 volts. 

The drop of potential is larger if the external resistance becomes 
smaller. Thus, if we replace A by an apparatus with Iw instead of 
3a>, since the combined resistance is now 1 + 2 + 1 = 4oi, the current 
will be ^^ = 3 amps. This current will give a potential drop, in the 
battery, of 3 x 1 = 3 volts ; in the conductors, of 3 x 2 = 6 volts ; 
and for the new apparatus, 3x1=3 volts. The terminal voltage 
of the battery is, in this case, 12 — 3 = 9 volts. 

Again, if we suppose that the resistance of the external circuit, ■ 
consisting of the main conductors and the apparatus, be but loi, giving 
a total resistance of 2(u and a current of \f- = 6 amps., this will 
give a fall of volts in the battery of 6 x 1 = 6 volts, leaving only 
6 as the terminal voltage. 

The student will now perceive that, for a certain current that may 
be needed for any purpose, it may be necessary to reduce the potential 
drop in the battery. How can this be done? Obviously by 
decreasing the resistance of the battery. The largest part of the 
resistance of the battery is usually due to the liquid. We may 
diminish this by making the way through the liquid as short and its 
cross-sectional area as great as possible. The path may be shortened 
by placing the plates of the elements very near each other. The 
cross-sectional ai*ea of the liquid may be enlarged by making the 
plates that are immersed in the liquid as large as we may allow. It 
may be remembered that cells with large plates have exactly the 
same E.M.F. as cells with the smallest ; but the drop of potential is 
for the small plates greater for the same current than for the largest, 
owing to the internal resistance. It wUl therefore follow that the 
cell with the larger plates must have a greater terminal voltage 
— assuming the current is the same. To take the case of the 
battery with an internal resistance of loi and an E.M.F. of 12 
volts, at a current of 6 amps, there wQl be a potential drop of 
6 volts, and therefore a terminal voltage of 6. Suppose, now, that 
the plates of this battery be made double the size, causing the 
internal resistance to be ^co; then, with a current of 2 amps., the 
potential drop of the battery will be only 2 x i = 1 volt, leaving a 
terminal pressure of 11 volts. On increasing tne current to 6 amps, 
the potential drop will become 6x^ = 3 volts, giving now a terminal 
voltage of 9. ^ig,,,, ,^ Google 
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Cells with very large plates are seldom employed, because they 
are difficult to manufacture and inconvenient in use. We shall 
presently see how we may make one large cell from a number of 
small ones. 



\^\mWh^ 




Fio. 15. — ^A Series Circuit. 



Branching of Circuits 

We have so far dealt with a simple closed circuit, so that the 
current coming from the battery had to flow through all parts of the 
circuit. If in a circuit be connected 
several pieces of apparatus Ai, Ag, A3, as 
shown in Fig. 15, having respectively the 
resistances 2, 3, and loi, then the current 
depends on the sum of these values. 
Suppose that the cross sectional area of 
the battery and of the conductors be so 
great that their resistance is practically 
nothing when compared with the resistance 
of the rest of the circuit, as often is the 
case in practice, then we can at once 
obtain the current by dividing 6, which is the sum of the resistances, 
into the pressure. If the E.M.F. be 24 volts, the current will therefore 
be ^^ = 4 amps., which will be the same at all parts. 

But we can group the apparatus in another way. We can, for 
example, as shown in Fig. 16, connect Ai, A2, and As, all to the poles 
of the battery. This is 
called the method of con- 
necting in parallel, whereas 
the former way was in 
series. 

The problem now to be 
considered is how to find 
the current strength in each 
apparatus. First we will 
fi^d the current through 
Ai. Since this is connected 
with a battery of 24 volts, 
^nd assuming that the con- 
necting wires and internal 
resistance of the cells are 

S tactically nil, then the current through Ai will be obtained by 
ividing 24, the E.M.F., by 2, the resistance of the apparatus ; or 
vrating this after Ohm's law, — 
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E 

Ci=j^=^j^ = 12amps.; 

where Ci denotes the current, and Ei the resistance of Ai. 
In like manner we can write — 

E 

C2=jg-=^3t = Samps.; 

E 
Cs =p = ^4: = 24 amps. ; 

The battery therefore has to deliver the current to all four 
branches simultaneously, which amounts to 12 + 8 + 24 = 44 
amperes. 

We may now ask : If we had, instead of the three parallel con- 
nected branches, a single outer resistance only, what must be its 
resistance that we may get a current equal to 44 amps. ? This 
problem may be readily solved by means of Ohm's Law. To produce 
a current of 44 amps, in a circuit with 24 volts requires resistance 
in the circuit of |J = 0'545ai. This value is defined as the restQtant 
resistance of the three branches. It is smaller than any of the three 
branch resistances. We may say, generally, that we make a com- 
bined resistance smaller by connecting in parallel, whereas the 
combined value of resistances in series is, of course, greater than 
any of them. 

To work out the value of any resistances in parallel we may 
proceed as follows : — Imagine any voltage, preferably that of a single 
volt, to which the resistances are connected. Then, taking the three 
branches of. the above example with resistances of 2, 3, and 1 ohms, 
the respective currents will be as follows : — 

Ci = 4 = 0-500 amps. 
Ca = I = 0-333 „ 
Cs = 1 = 1-000 „ 

Thus the total current flowing through the three branches is — 

1-833 amps., 

and the combined resistance to replace the three would be — 

rJ^ = 0'545w, 

which is the same value as that obtained in the previous calculation. 
We may, then, state the law : — 
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To find tJu resultant resistance of a circuit consisting of any 
nunibcr of branches connected in parallel we imagine tJie brandies 
connected, mth a pressure of ane volt, then calculate the current strength 
of each of the branches, adding all tJiese branch currents together, 
ilie resultant resistance is then found by dividing 1 volt by the stem 
of the currents. 

The calculation becomes much simpler if the branch resistances 
are equal. If we had, for instance, two branches, each with a resist- 
ance of 10(1), the current in each branch, if connected with a 
voltage of 1, would be y\)- amp., and the combined currents would 
be i^^y = ^ amp., giving by our rule a resultant resistance of 5w, 
which is half that of the branches. In the same way, the com- 
bined resistance of 10 branches, each with a resistance of lOw will be 
Iw, i.e. the tenth part of any one of them, and so on. 



Cells in Series and Parallel 

The cells of a battery may be connected in series or parallel, and 
the effect on the internal resistance is exactly the same as we have 
found for the external part of the circuit. When two cells are con- 
nected in series the combined resistance is twice that of a single cell, 
and when they are in parallel the resultant resistance is half that of 
a single cell. 

But in addition to the resistance, the effect on the E.M.F. must 
be thought of. In Fig. 17 is shown two cells in series, the copper 
of the second cell being connected with the zinc 
pole of the first cell by means of a wire, the 
external circuit being connected with the end 
poles. The effect of this arrangement is to add 
the pressures of the cells so that, if the cells are 
equal in pressxure and each of one volt, there will 
be two volts available for producing a current 
through the circuit. In the same way a battery Fig. 17.— Two Cells 
of 100 cells would give a voltage 100 times that ^^ Series, 

of a single cell. 

We will next consider the grouping of the cells in parallel. 
Fig. 18 shows two cells so arranged having the two copper plates 
connected, and also the two zinc plates. On joining a wire firom the 
positive poles and the negative poles to an outer circuit, we have 
the effect of a single cell of double size. 

The voltage of this battery is 1, but the internal resistance is 
half that of a single cell. If we connected 10 cells in parallel in 
this way, all the zinc poles being joined together and the same with 
all the copper poles, then the pressure will be as before, 1 volt; 
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but the internal resistance will only be the tenth part of a 
separate cell. 

If no connection be made to an external circuit no current can 
flow if the cells are equal in voltage. On looking at Fig. 19, where 





Fig. 18.— Two Cells in 
Parallel. 



Fig. 19.— CelU in 
Opposition. 



the arrows show the direction of the pressures in the two cells, we 
see that the first cell tends to send a current in the direction of the 
simple arrow, whilst the second cell would give a current as shown by 
the feathered arrow. These arrows, pointing in opposite directions, 

show that the KM.F.'s of the cells 
are in opposition, and therefore no 
current can flow, just as a cart cannot 
be moved by two equally strong 
horses that are pulling in opposite 
directions. 

Let us now connect the poles with 
an outer circuit; then, as shown in 
Fig. 20, one cell tends to send a 
current in the direction of the simple 
arrow, and the second cell in the 
direction of the feathered arrow, both 
arrows having the same direction in 
the outer circuit. Here the cells do 
not oppose, but assist each other in 
driving a current through the outside 
circuit. If each cell supplies 5 amps., 
then the current used in the external 
circuit will be 10 amps. Again, if we 
have 10 equal cells in parallel, the current in any of the cells will 
be one-tenth part of the outer current. 

When is it desirable to arrange the cells in parallel? The 




Fig. 20. —Cells jointly snpplying 
an Outer Circuit. 
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answer is derived from the following considerations : If the external 
resistance is a great one, then a large E.M.F. is needed to produce 
a current of a certain strength. To secure such a pressure it is 
necessary to connect a number of cells in series. But in doing this 
we have at the same time increased the internal resistance. If, 
however, the external resistance is very great compared with the 
internal resistance, we shall gain more from the increase of voltage 
than we shall lose from the increase of the resistance of the battery. 

If, on the other hand, the outer resistance is comparatively small, 
then we must diminish the internal resistance as much as possible by 
connecting the cells in parallel. 

The strength of current given by any cell is, of course, limited. 
If, for example, a cell has a pressure of 1 volt and a resistance of ^^^w, 
then it is impossible to get a bigger current than 10 amps., even if 
we short-circuit the cell by connecting its poles with a stout piece of 
copper wire. Usually such a short-circuit current will destroy a cell 
in a very brief time. 

Even if we connect 100 such cells in series, we cannot get a 
greater current than 10 amps. ; for although the E.M.F. is 100 volts, 
yet the internal resistance is 100 X j^ = lOw, giving on short-circuit 
a current of 10 amps. 

On the other hand, if these cells are arranged in parallel and 
short-circuited, then the current obtainable will be 100 x 10 = 1000 
amps. This result may be ob- 
tained at once by remembering 
that the resistance of the 100 



branch circuits is j^q x j^ = 
yi^-, and with the 1 volt avail- 
able the current will be q-^^ = 
1000 amps. 




Voltmeters 

The voltage can be measured 
with a similar apparatus to the 
ammeter. Fig. 21 shows one of 
the electro-magnetic type. It 
is, of course, very important 
that the coil of such an instru- 
ment take as little current as 
possible. It accordingly consists 
of many windings of a very fine vnre, so that its resistance is a very 
high one. Although the current is very small, yet owing to its 
passing so often round the coil the magnetic effect may be as great 
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as in the case of the ammeter, which is supplied with a strong current 
that passes round only a few times. 

A hot wire instrument may also be used as a voltmeter. But 
here, owing to the very small resistance of the short and fine wire, 
that expands when heated, it is necessary to put in series with it a 
resistance. This resistance consists of very many windings of fine 
wire. One or more of these resistance coils are placed either within 




Pia. 22. — Hot wire voltmeter. (Johnson and PhiUips.) 

the instrument or in separate boxes. Fig. 22 shows a hot-wire 
voltmeter. 

The higher the voltage to be measured, the greater must the 
resistance in the circuit of the voltmeter be made. 



Electrical Power 

Let the following experiment be made : Take a spiral of German 
silver vdre of a certain length and a certain cross-section,^and connect 
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it with a source of, say, 10 volts. Then, if the voltage is sufficient, the 
spiral will get hotter and hotter ; and if the size of the wire be rightly 
selected, a certain temperature will be reached which will remain 
constant. We must, therefore, conclude that now the wire radiates 
as much heat to the surrounding air as is produced by the electric 
current. 

The most common application of this principle is the electric 
incandescent, or glow, lamp. 

In a closed glass bulb exhausted of air a carbon filament is fixed, 
and its ends are connected to two metallic contacts. Such a lamp is 
shown in Fig. 23. On arranging these con- 
tacts so that they receive an electrical pressure 
of a certain height, an electric current will 
flow through the carbon and raise it to white 
heat. 

The most usual type of lamp has a candle- 
power of sixteen, and is made for a supply at 
110 volts. It has a resistance of 220w, and 
hence a current of ^j} = 05 amp. will flow 
through it which is just sufficient to keep the 
filament at white heat. 

If we wish two glow lamps to give light we 
may connect them in series and provide a 
voltage of 220, when through each will pass a 
current of 0*5 amp., the resistance of the two 
filaments being 440w. 

The same result can be produced in another 
way. Let the two lamps be placed in parallel 
with 110 volts. The resulting resistance will 
now be llOw, so that the total current will be |^|2 = 1 amp., and 
through each carbon will flow the necessary J amp. 

On comparison of these two cases we see that the same heating 
eflTect is produced with 220 volts and 0*5 amp. as with 110 volts 
and 1 amp. This shows that the heating effect is dependent, not 
only on the voltage or current, but on the product of these two 
quantities. This product, volts x amperes, is defined as the electrical 
power. The unit volt-ampere, being rather long, is abbreviated to 
watt, after the name of the famous improver of the steam-engine. 

The power of the current in the case of the lamps which we have 
been just considering i 




Fig. 23. — Incandescent 
or Glow Lamp. 



110 volts X 0'5 amp. = 55 voltamperes = 55 watts. 
Generally we can write the equation — 

Power = Electro-motive force x Cnrrent strength ; 
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or, in symbols, — 

P = Ex C 

If it so happens that the voltage and the resistance only be known, 
then it is easy to find the power by the aid of the preceding rule, first 
finding the current from — 

hence — 

E 
P = E X C = E x^ 

Or, if the voltage and resistance be given to find the power, we must 
multiply the number of volts by itself, and divide the product by the 
number of ohms. 

To take the case of the glow lamp above, to find the power from 
the voltage of 110 and the resistance of 220 we should have — 

P = 110 X 110 -r 220 = 55 watts, 

the same result as before. 

Again, if the current and resistance be given, we can calculate the 
power from the third form of Ohm's Law — 

E = C X E 
By substituting this value of the E.M.F. in — 

P = E X C 
we get — 

P = C X Ex C 
or — 

P = Cx C xE 

that is, we find the number of watts by multiplying the number of 
amperes by itself, and then by the ohms. 

Thus, for the case of the glow lamp, we have — 

0-5 X 0-5 X 220 = 55 watts, 

— this being the same result as we previously obtained, proving that 
the three methods are equivalent. 

For the value C X C the abbreviation C^ (C squared or C raised 
to the second power) is generally used. The exact meaning of this 
will be understood from the foDowing considerations : — 

If we have to determine the area of a square we can do so by 
dividing its sides into equal parts, each of which is, say, 1 inch long ; 
then, by drawing lines through these marks horizontally and 
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vertically the whole area of the square will be split up into a number 
of smaller squares, each having an area of 1 sq. inch. By counting 
the number of these we find 
that a square whose sides are 
2 inches long has an area of 
2 X 2 = 4 sq. inches, whilst 
one of 3-inch side has an area 
3x3 = 9 (see Kg. 24). To 
multiply a number by itself 
is thus the same as to deter- 
mine the area of a square 
whose side length is equal 
to this number. The three 
formulae given above may 
therefore be written — 



Fia 24. 



P = EC 

*^~ R 
P = C3R 



(1) 
(2) 



(3) 



The fact that the power depends both on the voltage and on the 
current strength may be understood by reference to the hydraulic 
analogy. The effect of flowing water depends, not only on the 
pressure or water-driving force produced by a difference of levels, 
but also on the quantity of water per second, which corresponds to 
the strength of the electric current. A pound of water flowing down 
a height of 10 feet will be able to do ten times the amount of work 
— such as driving a water-wheel — as a pound of water flowing down 
a height of 1 foot only. The efiTect of flowing water is thus pro- 
portional to the product of the number of pounds of water and 
number of feet. This product is called foot-poimdB. The power of a 
waterfall is estimated by the number of foot-pounds per minute or 
second. 



Equivalence of Electrical Mechanical and 
Heating Effects 

Heat can be produced both electrically and mechanically. A 
vessel containing water may be heated by placing in it an insulated 
spiral of wire which is connected with a current generator. Heating 
of water may also be caused by dropping from a height a stone into 
it ; or a better example for our purpose would be the case of sand 
flowing continuously into water. In this case there will be a gradual 
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heating of the water, just as in the case of an electric current. After 
some time the temperature of the water will cease to rise, showing 
that the heat produced by the flowing sand is now equal to the heat 
radiated to the surrounding bodies, such as the vessel, air, etc. 

Seeing that both by mechanical and electrical means heat may be 
produced, the question may be asked : How many mechanical units 
correspond to the electric unit, or 1 watt ? This question may be 
answered by the help of the following experiment. Take two equal 
vessels containing equal quantities of water, and let one be heated 
electrically, and the other mechanically by the use of falling sand, 
so that the amount of heat passing in is the same in the two cases as 
shown by a thermometer. Let the voltage and current, and the 
rate at which the sand falls from a known height be noted. By 
means of these values, and experiments of a similar kind, it has 
been found that — 

One foot-pound per second = 1*356 watts. 

We shall, in subsequent pages, deal with machines which enable 
us to convert mechanical into electrical power. We may, for 
example, have an electrical machine driven by a water-wheel or a 
turbine ; then, if we know the height of the fall and the amount of 
water per second, the electrical power can be estimated. If, for 
instance, 1000 lbs. of water falls down a height of 5 feet each second, 
then the mechanical value of this will be 5000 ft.-lbs. per second. 
If it were possible to convert all the mechanical into electrical power, 
or, iu other words, if there were no losses, then the number of watts 
produced would be — 

j;ggg = 3687 watts. 

As a matter of fact the number of watts would be considerably 
smaller than this. 

Being given the number of 3687 watts, we can calculate the 
number of 16-candle-power lamps that could be lighted. If each 
lamp required 55 watts, then the number would be ^§§^ = 67 nearly. 

It is not the general custom with engineers to state the output of 
a machine, such as a turbine, or steam or gas engine, in foot-pounds 
per second, because of the large numbers that would have to be 
used. Instead, a much greater unit called the horse-power (abbre- 
viated H.P.) is used. A horse-power is defined as that rate of doing 
work that is equal to raising 33,000 lbs. 1 foot high in 1 minute. 
This is equal to an effort of ^^^^o^ = 550 ft.-lbs. a second. This 
unit was introduced by James Watt, and has since been used by 
British engineers in stating the power of engines. It is supposed to 
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represent the power of a very strong horse when working very hard. 
The equivalent electrical power is — 

550 X 1-356 = 746 watts nearly. 

If we know what is the output of any machine given in H.P., 
then we can, if it is coupled to an electrical generator, calculate the 
electrical output, providing that no losses be taken into account. 
Thus a steam-engine of 1 H.P. would drive a dynamo giving an 
output of 746 watts. The real electric output is, of course, less than 
this, and generally varies between 700 to 600 watts per H.P., according 
to the size of the machines. For small machines it comes down to 500 
watts. These numbers correspond with from 9 to 13 lamps per H.P., 
if 55-watt lamps be used. 

A small dynamo, for example, driven by a 5-H.P. steam-engine, 
could feed about 5 X 10 = 50 lamps ; whilst a large one of about 
200 H.P. would supply 200 x 13 = 2600 lamps each of 16 candle- 
power. On the other hand, if this 200-H.P. engine had been used 
for driving a pump that was perfectly efficient, then it would lift 
200 X 550 = 110,000 lbs. of water per second, a height of 1 foot. 

The relation that exists between the electric and heating effects 
must now be studied. First, the unit of the quantity of heat must 
be defined. This unit is called the calorie, it is equal to the quantity 
of heat which is necessary to raise 1 grm. of water from zero to 1° 
on the Centigrade scale. Hence, to raise 1 kg. of water from zero to 
boiling-point (100° C.) will require 1000 X 100 = 100,000 calories. 

The relation between the two effects can be determined by the 
following experiment: A vessel containing a known quantity of 
water is heated by means of an insulated wire through which a 
current is flowing, and the temperature ascertained by means of 
a thermometer before the current has been passed, and also after it 
has been flowing for a known number of seconds. At the same time 
the voltage and the current are noted. The quantity of heat, and the 
watts, and time are thence known. The result is, that 1 calorie 
corresponds to 4*2 watts per second; or the heat equivalent of 1 watt- 
second is — 

— = 0*24 calories approximately. 

We can now readily calculate the quantity of heat produced by 
a 16-candle-power glow lamp in one hour. Since in one second 
55 watt-seconds are used, then in one hour the number will be 
55 X 60 X 60 = 198,000, so that the number of calories will be 
198,000 X 0-24 = 47,520. 

On flowing through the carbon filament the current causes 
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a temperature which rises until a bright white heat is reached. 
After this the temperature remains constant, because the heat is 
radiated as fast as it is produced by the current ; or, in other words, 
a stationary state is reached. 

Let us next ascertain what wiU happen if we connect this lamp 
with a voltage of 150 instead of 110. If we may make the supposi- 
tion that the resistance of the lamp remains the same as before, the 
current now will be — 

^^§ = 0-68 amps., 
and its watts now become — 

150 X 0-68 = 102 watts. 

The watts being nearly twice as great as previously, a double quantity 
of heat will be produced per second, and the carbon will reach a far 
higher temperature than before, and will give out more light. This, 
however, will not last for a long time, because the effect of the high 
temperature soon causes the filament to be broken. The "life" of 
such a lamp will thus be far shorter than when the voltage is normal. 
Again, if we connect a 110-volt lamp with a voltage of 220 volts, 
then the power required is four times as great as before, for — 

In this last case the heat produced is such as to ruin the filament 
immediately on switching the lamp into the circuit. 

As a matter of fact the power taken by the filament in the two 
cases of 150 and 220 volts is far higher than our calculations indicate, 
because the resistance of carbon decreases — contrary to the case with 
metals — with a rise of temperature. 



Electric Mains 

To lead the electric current from the place of generation to the 
place where it is used we require leads or mains. Generally we 
want two mains, one leading in and one out, just as we must have 
two channels, to lead water to a water-wheel and to lead it away 
(see Fig. 25). 

The first channel connects our water-wheel with the higher, the 
other channel connects it with the lower level. In a like manner 
tlie mains serve to connect the electric apparatus with the positive 
and negative poles of the current-generator. 
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The water-channels, which are generally made from earthenware 
or wood, always cause a loss of motive force. If the channel is 
not tight enough, some of the water will leak through the cracks. 
This part of the water will not reach the water-wheel at all, thus 
involving a direct loss of water. Further, a part of the whole pressure 
gets wasted in flowing through the channels ; this loss is represented 
in Fig. 25 by the line Ai for the upper channel, and by the line h^ 
for the lower channel. Thus, the total height difference of water 
available for driving the water-wheel is not H, but H diminished by 
Ai -h 7*2. Thus the heights hi and Aa represent pressure losses. 




Fio. 25. 



In like manner, we have with electric mains losses of current 
and losses of voltage or potential drop. The former occur with 
badly installed mains only. If, for instance, mains leading from 
a central electric station to a group of lamps are in several places 
in connection with the earth or with damp walls, then the current 
will not only flow through the lamps, but a part of it will also 
flow from the positive wire to the earth, and from the latter to 
the negative wire, without going through the lamps. The current 
lost in such a way will be greater tiie better is the coimection 
of each of the mains with the earth, and the nearer the bad points 
of the positive main are to the bad points of the negative main. 
If these be very near each other, then the resistance of the earth 
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To avoid such losses, and 
have to be very well insulated. 



between them will be very small, and a comparatively large current 
will leak away. 

^ - - - - ^^ j.jgj^g connected therewith, mains 

Mains are provided with a continuous 
insulating covering, or they may be 
left bare, but in this case they have 
to be fixed on bell-shaped insulators, 
as shown in Fig. 26. They are 
made of porcelain or glass in the 
shape of a bell, and fastened by 
means of insulating cement to an 
iron bracket. The latter is fixed on 
a mast or to a wall. The conductor 
is secured by wire to the groove of 
the insulator. Porcelain and glass 




Fig. 2G.— Porcelain Insulator. 
(General Electric Co.) 



are excellent insulating materials. 



and the wires fixed to the insulators 
are therefore entirely insulated from 
the iron bracket. Owing to the special shape of the insulator even 
raindrops cannot make an electric connection, because the bell-shaped 
part is usually fixed in a vertical position. For extra high pressures 
— such as, for instance, 5000 or 10,000 volts, an insulator of the shape 
described would not be safe enough. In such cases double or triple 
bells are employed. 

This method of running mains is often used for overhead or aerial 
lines. In fixing such lines, care must be taken to avoid contact 
of the wires with each other, and with other bodies. They must 
not be placed near trees, because the branches and leaves might then 
touch the wires, thus forming in damp weather a good connection 
with the earth. 

The mains installed in the streets of large towns, or within houses, 
consist of insulated wires only. The method of insulation of these 
mains depends, on one hand, on the voltage of the current which they 
conduct, and, on the other hand, on the position in which they are 
fixed. Mains for low voltages, installed in dry rooms, may be covered 
with a thin layer of insulation only. In such a case it would, for 
instance, be sufficient to cover the wires with a thin winding of cotton 
or hemp, and to impregnate this winding with tar or asphalt. For 
high voltages and damp rooms, the wires must be covered with india- 
rubber, and several layers of cotton or hemp. 

Cables laid in the earth or channels are exposed both to the 
influence of moisture and acids, and are liable to mechanical injuries. 
They have, therefore, to be protected in addition to the different 
insulation layers with a lead covering, which is further covered with 
an insulating layer. Protection against mechanical injuries is 
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frequently guarded against by an iron or steel armouring, which 
latter may be protected against corrosion by a cotton or hemp network 
impregnated with bitumen. 

Fig. 27 shows a cross-section through a cable, containing both the 
positive and the negative wire. The circles in the centre represent 
one main surrounded by an 
insulating layer. The second 
main consists of a number 
of thin copper wires arranged 
in a circla Next to these 
wires is an insulation-layer, 
then a lead covering, and, 
finally, an outer casing. As 
the inner and outer wires 
form circles with the same 
centre, the cable is called a 
concentric one. Gables are 
also manufactured in which 
the single insulated wires are 
stranded with each other. 

Exact specifications relat- 
ing to the insulation and 
laying of cables may be 
foimd in the Board of Trade 
Regulations, the Rules of the 

Institution of Electrical Engineers, and those of Fire Insurance 
Companies. 

The losses of current can be avoided by proper installation of the 
mains. Losses of voltage cannot be avoided, because the mains have 
in any case a resistance, and thus a voltage drop must occur in them, 
which may be determined by Ohm's Law. 

Let us now work out the following example : The distance between 
a current generator and a room which is lighted by 20 lamps, each 
of 16-candle-power, and connected with 110 volts, is 80 yards, 
and the cross-sectional area of the wire is 0'04 sq. inch. What is 
the voltage drop in the main, if all lamps are burning simultane- 
ously? 

Since we have to consider both the positive and the negative main, 
the total length of wire employed will be 160 yds. As is generally 
the case for mains, the wire consists of copper, whose specific resistance 
is 4X)l^Q ohms per yard per sq. inch, the total resistance of the mains 
is thus — 




Fig. 27.— Section of Concentric Cable. 
{Siemens and Eahhe.) 



R = 



40,000 " 0-04 



160 ^, 
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The current required for feeding 20 16-candle-power lamps is 20 x i 
= 10 amps. 

Thus the voltage drop in this main — which may be called e, to 
distinguish it from E — will be — 

« = R X C = 01 X 10 = 1 

To get the proper voltage of 110 at the lamps, we want in tihe 
central station, say. 111 volts. The voltage-drop in the main is thus 
not quite 1 per cent., which may be allowed in any case. Even if 
the pressure in the central station be only 110 volts, and the lamps 
therefore bum with 109 instead of 110 volts, th^ would not be 
any disadvantage, as the diminution of the light is not serious as 
long as the voltage falls 2 or 3 per cent. only. 

The power lost in the main is 1 volt X 10 amps. = 10 watts ; er, 
using the formula — 

P = (? X R = 10 X 10 X T^o = 10 watts. 

The total power given to the lamps is — 

EC = 110 X 10 = 1100 watts. 

Let us now assume that we have to transmit through a main of 
equal cross-sectional area the same current a distance of 800 yards 
(total length of the wire = 1600). Then the resistance of the wire 
will be 10 times as large as in the above example, viz. Iw ; the voltage 
drop in the main will be 10, the power loss 100 watts. 

These losses are comparatively very great If in the central 
station a voltage of 110 be maintained, then the lamps at the end of the 
main would bum with 100 volts only, and would emit far less light 
than they would do if connected with their proper voltage ; farther, 
the loss in the main of 100 watts, that is more than 9 per cent, of 
the total output, is a very high one. 

We may hence lessen the voltage and the power loss by 
diminishing the resistance of the main, i,e. by enlarging the cross- 
sectional area of the copper wire. 

If we, for instance, quadruple the cross-sectional area of the 
copper wire, then its resistance becomes the fourth part only : — 

R = 4nhmi X IW = 0'25c 
and then the voltage drop becomes one-fourth as well — 
e = RC = 0-25 X 10 = 25 volts. 
The power lost in the main will thus be — 

P = (?R = 25 watts. 
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These values of voltage drop and power lost are allowable in 
practice, but, as we have seen from the example, we get these 
permissible losses only by employing wires having large cross- 
sectional areas. If the distance were still longer than 800 yards 
we must employ wires of still greater areas, and so the network of 
lines would become exceedingly costly. 

We have, however, other means of reducing the losses due to 
voltage drop. Suppose we double the voltage in the central station, 
and connect the lamps in ten parallel groups, each of 
these groups consisting of two series connected lamps 
(see Fig. 28). 

The resistance of each of these groups is 2 x 220 = 
440(t>, and thus the current taken by each of the 
groups, if connected with 220 volts, would be ||{{ = 05 
amp. i,e, the same as taken by a single lamp before. 
The 10 groups together require thus a current of 
10 X 0-5 = 5 amps. 

The power taken by the 20 lamps is obviously 
now the same as before. It was 110 volts x 10 amps. 
= 1100 watts in our first example, and is 220 X 5 = 
1100 watts in this one. 

For the mains we employ the same wires as in 
the first example, with a cross- sectional area of 004 
sq. inches. The voltage drop in this main, having 
a resistance of Iw, is 5 volts at the current of 5 amps. 
These 5 volts are 2*3 per cent, of the voltage of 220 
volts, thus being a permissible loss. The power lost 
in the mains is 5^ X 1 = 25, i.e. again 23 per cent, 
of the total load. By doubling the voltage we obtain, 
thus, the same result as by quadrupling the area of the 
cross-section. 

This reasoning explains why high voltages are employed when- 
ever electrical energy is to be transmitted long distances. A 
pressure of 110 to 150 volts is generally used for current supplied 
to a single building only or to several buildings situated near each 
other. For providing small districts with electrical energy a pressure 
of 200 to 250, and for larger districts 400 to 500 volts is employed. 
But even these voltages are not sufficiently high for mains spread 
over large towns and districts. To get, in the latter cases, allowable 
losses, and yet not have too large a size of mains, voltages of 1,000, 
2,000, 5,000, 10,000 and even higher have to be employed. In laying 
cables for such high voltages special care has to be taken to have 
good insulation. The direct connection with a high-tension line, 
or even through any substance which is not insulated perfectly from 
the line, may have a fatal eflTect. 

D 




Fig. 28. — 
Lamps in 
Series and 
Parallel. 
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At the end of this chapter a table is given, showing the approxi- 
mate diameters and sectional areas of the wires and cables mostly 
employed in practice. Their resistance in ohms per 100 yards 
is also given. By means of this table we can calculate the sectional 
area of a main, if its length and the current be given, and the 
voltage drop has not to exceed a certain amount. This problem 
has to be solved frequently by electrical engineers. 

If the dimensions of all lines are not determined before laying 
them, then it very often happens that the voltage drop is too large, 
and the lamps give a poor Ught. 

Further examples of installation calculations will now be given. 



Examples. 

1. A group of ten 16-candle-power 110 volt, lamps is to be fed by means of a 
cable whose smgle length is 100 yards ; the voltage arop is not to exceed about 2 
volts. What wire should be employed ? 

The current taken by the 10 lamps is 5 amps. The voltage drop in the line is 
e = G X R. Hence, since the current G = 5 amps, and the voltage drop e = 2 volts, 
the resistance R of the line must be } = 0*4w, or less if a smaller voltage drop is 
taken. The length of the lead and return is 200 yards, thus the resistance per 100 
yards of the wire to be emnloyed must not exceed 0*4 x JJg = 0'2». 

As we see from our table, a cable of 7/18 S.W.G. has a resistance of O'185«0 per 
100 yards. This cable is nearest to the one we want, whereas the resistance of 
the next smaller wire, 7/20, is 0'329w, and therefore far too high. We shall prefer to 
employ a cable of 7/18 S.W.G. A glance at the table shows that the maximnm 
current allowed for this cable is 21 amps., giving a considerable margin above the 
5 amps, required for the lamps. 

2. A current of 30 amps, at a voltage of 250 is to be conducted as far as 300 

yards. The maximum voltage drop allowed is 3 per cent of the total voltage, t.e. 

7*5 
7*5 volts. Then the resistance of the line may be ^ = 0-25«#. The total length 

of the cable is 2 x 300 = 600 yards, the resistance allowable for 100 yards is thus 
0*25 X Hi = 0-0416. As we learn from the table, a cable of 19/16 S.W.G. has to 
be employed in this case. 

3. A current of 30 amps, is to be conducted 50 yards. The voltage drop allowed 
is 6 volts. Then the resistance allowed for the total length of wire, viz. 100 
yards, is ifty = 0-2«. From the table we learn that 100 yards of a cable of 7/18 
S.W.G. has a resistance of 0*1 85w only. This cable would therefore be suJBi- 
cientJy thick with regard to the voltage drop. Notwithstanding^ we must not 
use this cable, because tlie maximum current allowed for it is only 21 amos. We 
must therefore take the nearest cable for which a current of 30 amps, is allowable, 
f.c. 19/20 S.W.G. 

Up to now we have considered in our calculations the volts^e drop 
and the power loss only. But another very important point, viz, 
the heating of the line, must not be neglected. If we allowed for a 
short, fine wire a loss equal to that in a long thick wire^ then 
the former would be far more heated than the latter. To avoid 
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excessive heating of a line, the current strength of any cable has 
not to exceed that value which is marked in our table as " Maximum 
Current Allowable," and which has been fixed by the Institution of 
Electrical Engineers. These maximum currents have been selected 
so that the rise of temperature in the cables will be about 20° Fahr. 
above the surroundings. 

From a glance at the table, it will be noticed that for a sectional 
area of 00019 sq. inches the maximum current is 44 amps., whereas 
for a sectional area of 0"0198 not a current of 44, but only of 30 amps., 
is allowed. For 019 sq. inches a current of 190 amps, is allowed, 
instead of 440, as one should expect. One would imagine that a 
cable of tenfold sectional area could also safely carry the tenfold 
current ; but, as a matter of fact, that is not so. The temperature 
which a wire attains depends on the rate at which it can radiate the 
heat produced in it to the surrounding bodies. To explain this fact, 
let us consider a piece of copper wire, having a sectional area of 
00019 sq. inch, which is situated in the centre of a thick wire with a 
sectional area of 0'019 sq. inch. Suppose, now, that we send a current 
of 44 amps, through the thick wire; then, in the centre-piece of 
0-0019 sq. inch sectional area obviously an equal quantity of heat 
will be produced as in the thin wire, having 00019 sq. inches cross- 
sectional area. But the heat produced in the centre of the thick 
wire cannot be led away as quickly as with the thin wire, because it 
has to go through the whole thickness before arriving at the surface. 
Thus a wire of 0019 sq. inch sectional area carrying 44 amps, would 
get much hotter than a wire of 00019 sq. inch area carrying 4'4 amps. 
A wire with 019 sq. inch area, carrying 440 amps., would get so hot 
that the insulation would be burnt away after a short time. 

To prevent an excessive load on a wire, and thus its dangerous 
heating, a fuse, or cat-out, is inserted in the main, the whole of the 
current therefore flowing through it, but its cross-sectional area is 
smaller than that of the line wire. It consists of an easily fusible 
metal, such as lead, tin, or alloys of them, and sometimes of silver 
and copper. 

With the normal current, with which the heating of the mains is 
hardly appreciable, the fuse, having a sectional area of the right size, 
should be little more than the temperature of the hand. If the 
current doubles in strength, then the heating of the fuse wire should 
be such as to cause it to melt. By this means the main current is 
broken, and no further heating can occur. 

The double current does not involve any danger for the mains, 
for, as mentioned above, the heat produced by the maximum allow- 
able current does not raise the temperature of the wire more than 20° 
Fahr. The heat now produced by the double current will be a four- 
fold one, the rise of temperature in the wire will thus not exceed 
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80° Fahr. Assuming a room temperature of 85° Fahr., the temperature 
of the main would come to about 165° Fahr. All kinds of insulating 
materials used for mains can stand this temperature, but a higher one 
would be dangerous. 

Fuses hence furnish an excellent means of preventing dangers 
arising from electric mains. It is, of course, necessary to design 
fuses so that they cannot give rise to any dangers themselves by 
melting.. They must be fixed on an incombustible base — fur instance, 
marble or slate ; and means have to be provided to prevent melted 
metal from falling on inflammable bodies. Fi^^s. 29 and 30 show 





Fig. 29. — Fuse or Cut-out 
{British Schucheri Co,) 



Fig. 30. — Fuse or Cut-out for Lflrgc 
Current. {British Schuchert O.) 



two designs of fuses, or cut-outs, in which the fusible wire is within 
a porcelain handle, enabling the cut-out to be also used as a switch. 
In Fig. 29 the handle is intended to be removed directly, but in 
Fig. 30 it may be hinged back. 

A properly erected electric plant, which is always kept in order, 
can hardly ever cause any danger of fire. The fuses do not only 
prevent a permanent overload of a main and the excessive heating 
connected with it, but they also act momentarily when a short 
circuit takes place. If, for example, by any accident the positive 
and negative wires be connected by a bare metal rod : in this case the 
resistance of the main becomes so small that a very great current, far 
exceeding double the normal current, flows through the line, causing 
the fuses to melt at once, and so preventing dangerous heating. 
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It is a difiTerent matter with badly installed plants or such as are 
not kept in order. If, for instance, due to a leakage to earth, 
the current flowing through the main is greater than tliat taken 
by the lamps, then a frequent melting of the fuses will, of course, 
happen. If, now, the person in charge of the plant or a thoughtless 
wireman puts thick metal strips instead of those of normal size into 
the fuses, then they will no longer melt. This is just as if any 
one tied down a safety-valve of a boiler so that it could not work 
when the pressure is excessive. The safety-valve will then no longer 
be of any use, and the boiler may burst. A similar thing may 
happen with electric mains when thin fuses are replaced by some 
of too great sectional area. The danger is especially great when 
increasing earth-currents are no longer indicated by the melting of 
cut-outs. Eventually the insulation may become so defective, and 
the earth-currents so strong, that the mains may themselves actually 
melt. 

It is not absolutely inadmissible to replace thin fuse-wires by 
thicker ones. It may happen sometimes that the plant has been 
but little loaded originally, and therefore thin fuse-wires have been 
used, whereas the mains would have been able to carry a greater 
load. If, then, another number of lamps be connected with the 
mains, the replacement of the thinner fuse- wire by a thicker one is, 
of course, allowable. But the maximum thickness of the fuse-wire 
should always be limited by the fuse-current, which is given in the 
table for the copper wires of different cross- sectional area (see Table 
on next page). Thus the fuse-current of a wire, employed for a 
cable of No. 15 S.W.G., for instance, should never exceed 16'4 amps. 

Wliat current is necessary to melt a particular piece of tin or 
alloy used as a fuse-wire ia best obtained by experiment, and should 
be noted on a label attached to the bobbin of wire. 
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1^1 



FiQ. 33.— 
Magnetic 
Ne^le. 



MAGNETS — MAQNETIO LINES OF FORCE 

In electrical engineering galvanic cells, such as zinc-copper cells, are 
hardly ever used as current-generators, but the current is generally 
produced by dynamos. A 
most important part of a 
dynamo is the magnetic 
system, and we have there- 
fore to deal in some detail 
with the properties of mag- 
nets. 

There are different forms 
of magnets, such as, for LJ ^^-^ — -^ 

instance, bar magnets TFig. fio. 31.— Fiq. 32.— Horee- 
31), horseshoe magnets (Fig. Bar Magnet. shoe Magnet. 

32), magnetic needles (Fig. 

33). With a freely movable 

magnetic needle, such as shown in Fig. 34, a characteristic property 

caiT be observed. If there are no other forces acting on this needle, 

it sets itself in a certain direction, 

one of its ends pointing towards 

the north. This end is called 

the north pole; the other end, 

pointing towards the south, is 

called the south pole of the 

needle. 

To distinguish the poles of a 

magnetic needle from each other, 

the north end or half is generally 

marked or coloured. 

We explain the above phe- 
nomenon by imagining that the 

earth exerts upon the needle a 

force, just like the force of gravity ^ . ,. . . . n 

gives to a suspended rod a certain deBnite direction, viz. vertically 

downwards. 

39 




Fio. 34.— Pivoted Magnetic Needle. 
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We can deflect the needle from the direction in which it has 
settled under the influence of the earth, by placing near to it another 
magnet. If we place the north poles of two freely movable needles 
near each other, then tliey repel each other. The same is the case 
with the two south poles. On the other hand, a north pole of one 
and a south pole of another needle attract. Hence the rule, ''Like poles 
repel, unlike attract,** 

We can observe similar repelling and attracting effects by 
approaching the magnetic needle to the poles of any magnet, and we 
ai*e able to determine its poles by the use of the above rule. 

As is well known, a bar magnet attracts soft iron. If a soft iron 
rod be attached to the north pole of a magnet, the rod behaves like a 
magnet, i.e. it is able to attract small pieces of iron and hold them 
fast. 

By the aid of a magnetic needle we can convince ourselves that a 
rod of iron adhering to a magnet possesses "polarity," the end of 
the rod turned towards the north pole of the magnet being a south 
pole, the other end being a north pole. 

Magnets exert actions at a distance. They do not only hold fast 
pieces of iron which have been brought to them, but also attract 
pieces of iron from some distance. The force of attraction becomes 
smaller the greater the distance. By the aid of very exact experi- 
ments the following law has been found : If the distance is doubled, 
then the force exerted is not half, but the fourth part of what it was 
previously ; if the distance is three times as great, then the force is 
only the ninth part ; with a tenfold distance the force is only one- 
hundredth, and so on. Hence we can say that th^ force ea)erted by a 
magnetic pole decreases with the sqxiare of the distance. 

Let us now take a large horseshoe magnet, and proceed to hold 
near it a small magnetic needle in various positions. Fig. 35 shows 

the poles of the magnet, 

g seen from above, as well as 

s<s>^n the different positions of the 

y^ needle. If the needle is 

// near the north pole, then we 

%? ^.-^- y,-^ ^ observe that it comes to rest 

n-*"s( N J ^-^Ti ^'^^ Ts jn<5>d with the south end pointing 

1 ^"^^ 5 Vi^-^Tije^ to the centre of the north 

^ pole, whereas the north end 

Fio. 35.— Magnetic Needle in Field of Large of the needle is repelled in 
*^^ ' the opposite direction (posi- 

tions 1 and 2 in Fig. 35). 
In the opposite position, on the right of the south pole, the needle 
comes to rest in a similar way, so that its north end points right 
to the centre of the south pole (positions 3 and 4). At all points 
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between the two poles (for instance, positions 5 and G), the needle 
settles parallel to a line joining the centre of the poles, its south 
end, 8, turning towards the north pole, N, of the magnet, whilst 
the north end, n, is attracted towards the south pole, S. Why 
these directions are taken up by the needle the student will easily 
understand. 

But if we now place the needle at any other point in the space 
surrounding the poles, such as, for instance, at position 7, it will 
again come to rest in a certain direction. 

This position, however, will be such that neither the south 
pole of the needle turns directly towards the north pole of the 
magnet, nor the north pole turns directly towards the south pole 
of the magnet. 

To explain why this should be, we have to consider the action of 
each of the magnet poles on each pole of our needle. 

The south pole, s, of the needle is attracted by the north pole, N, in 
the direction of the simple arrow, and is also repelled in the direction 
of the double-barbed arrow by the south pole, S. 

These two forces are not equal to each other, since the centre 
point of the needle is only half as far from the north pole as from the 
south pole, the force exerted by N being therefore four times as 
great as that by S. In the figure this is indicated by the length of 
the respective arrows. 

If there are two forces acting on a body, trying to pull it in 
different directions, then the body can obviously foUow neither of the 
forces entirely. The direction which the body then will occupy will 
be between the two forces, and that not exactly in the middle, but 
more towards the greater force. 

Accordingly, the magnetic needle will set itself in the direction 
of the arrow with three barbs, with its south pole not pointing exactly 
to the centre of the N pole. Exactly the same considerations may be 
applied to the n pole of the magnetic needle. 

In like manner, for each point in the space round the magnet a 
certain line of direction of the magnetic force can be determined. 

A very good way to make this clear is the following one : — 

Let us take a horseshoe magnet, fix it vertically, and over it place 
a sheet of thin cardboard. . By means of a muslin bag filled with steel 
filings, sprinkle the filings lightly and very uniformly over the card. 
Then tap the card very gently. The steel filings will arrange them- 
selves in beautiful curves (see Fig. 36). 

Near the poles we observe rays, which are turned directly 
towards the centre; between N and S there are formed straight 
lines consisting of the filings, but at other places on the cardboard 
the lines are fewer and form wide bent arcs, which run from pole 
to pole. 
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Fig. 36.— Magnetic Curves. 



These figures may be explained as follows : — 
Each iron filing, when it comes within the influence of the 

strong magnet, becomes 
a small magnet, which 
can turn round on the 
card. 

Hence each of the 
iron filings will take 
up a definite position, 
according to its place 
in the space, in the 
same way that the 
magnetic needle did. 
This position will be 
at the points 1 and 2 
(Fig. 35), directly to- 
wards the north pole; 
at the points 3 and 4, 
directly towards the 
south pole ; at the points 5 and 6, along the line joining the poles : 
but at all the other points the position will be an inclined one. 

The small pieces of magnetized steel place themselves in a row, 
and so form continuous lines. These lines are absolutely straight 
in the space between the two pole=?, whereas beyond they are 
curves. These curved lines hence consist of a great number of short 
straight pieces (the single filings), and each of these short pieces 
indicates the direction of the resultant force, which the combined 
influence of the north and south pole produces at this point. These 
lines are called lines of magnetic force. 

The lines of magnetic force do not only indicate the direction 
of the force at each point, but also give us a measure for the 
magnitude of this force. We observ^e that there are many lines in 
the immediate neighbourhood of the poles, and in the space between 
the poles, whereas elsewhere the lines are weaker. How is this to be 
explained ? 

As we know, the magnetic influence gets smaller with decreasing 
distance. Hence the iron filings in the immediate neighbourhood of 
the poles are acted on with great force, and some of them are pulled 
up against the poles. The influence on the iron filings, which are at 
a greater distance from the poles, is not sufficient to attract them, 
perhaps not even enough to turn them, if the friction on the cardboard 
is greater than the resultant force. 

The easily movable iron filings only can follow this influence, 
and the further outside we go, the fewer filings will set themselves 
in the direction of the resultant force. Thus the lines of the magnetic 
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force are getting weaker and less distinct the further we are from 
the poles. 

We therefore learn that the density of the lines at any point 
gives US a measure of the magnitude of the force acting at this 
point. 

We can further attribute a third meaning to the lines of force. 
Let us imagine that it were possible to have a Small magnet with 
north magnetism only. 
(As a matter of fact 
that is impossible, for, 
if we divide a bar 
magnet into as many 
pieces as possible, each 
of these pieces would 
still have its north 
and south pole.) If 
the north magnetic 
pole is brought into 
the sphere of activity 
of the two poles, which 
is called the magnetic 
field, then it wotdd be 
repelled by the north, 
and attracted by the 
south pole. If now, this pole is freely movable, it would always 
follow the course of one of the lines of magnetic force (as shown in 
Fig. 37), and would travel from the north pole towards the south 
pole. , 

In the position of 7, in Fig. 35, ,the particle of iron will lie in 
the direction of the arrows with three barbs. If the iron be now shifted 
the direction it indicates alters, and is that of the lines shown in 
Fig. 37. The line at any particular place may be supposed to enter 
the south pole of the little magnet, and to leave at its north pole. 




Fig. 37. — Field of Magnetic Force. 



Influence of the Electric Current on a 
Magnetic Needle 

Let us make the following experiment : Over a straight horizontal 
wire hold a magnetic needle (see Fig. 38). If there is no iron in the 
neighbourhood capable of deflecting the needle, the latter will set 
itself in a direction lying north and south with the n pole pointing 
towards the north. Now, taking care that the wire is parallel to 
the needle, let a current be sent through the wire, ^e observe that 
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Fio. 38.— Action of 
Garrent on Magnet. 



the needle is now deflected. If we increase the strength of the 
current, the deflection will be greater, and with a very strong current 

the needle will set itself nearly at right 
angles to the direction of the wire as shown 
in the figure. The deflection ceases imme- 
diately if we stop the current, the needle 
swings back, and after a few vibrations 
comes to rest exactly in the original direc- 
tion. Now let the direction of the current 
be reversed by changing the connections 
of the wires with the poles of the battery. 
If the n end of the needle were deflected 
to the right hand in the first case, it will 
now be deflected to the left hand. 

Next let the needle be held underneath the wire instead of above 
it, and we shall find that the deflections are now opposite to those 
in the first case. Ampfere, a celebrated French electrician, studied 
these phenomena, and found a very simple rule by means of which 
the direction of the deflection may always be predicted. " If we 
imagine a man swimming in the wire with the electric current and 
so as always to face the needle, then the north pole will be deflected 
to the left hand of the swimmer." This rule is called Ampere's 
Bnle. 

Hence, if we hold the needle above the wire, the swimmer 
must swim on his back and face the needle, whereas if the needle 

is under the wire the swimmer 
must have his face downwards, 
in order to apply the rule cor- 
rectly. 

As already stated, the de- 
flection is greater the stronger 
the current. It is also in- 
creased by making the distance 
between wire and magnet 
smaller, and further by having 
a number of windings round the 
needle (Fig. 39). This gives 
a number of conductors above 
and below the needle, the 
current flowing to the right in the upper conductors, and to the 
left in the lower conductors. Applying Ampere's Eule, we find that 
the action of the upper wires will deflect the n pole in towards the 
paper ; and in the case of the lower conductors, where the swimmer 
must lie on his back, in the same direction. All the twelve 
conductors therefore help each other in deflecting the needle. 

^. ^.„„, ^oogle 




Fig. 39. — Simple Galranometer. 
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A number of windings arranged in this way is called a galvano- 
meter coil, and tlie tendency of the current is to bring the needle into 
the axis of the coil. When the deflecting force is far stronger than 
the directing action of the earth's magnetism, so that the latter is 
practically without effect, then the needle will be driven at right 
angles to the coil. 

The force of the coil depends on the strength of the current and 
the number of turns on the coil. A coil having 10 turns with a 
current of 1 amp. flowing through it has the same effect as a 
coil of 100 turns and a current of j\^ amp., or one with 1000 turns 
and y/^Q amp. Hence, the product of the two quantities is of great 
importance, and is called the ampere-tunui, which in the above 
examples is equal to 10. 

We have seen, in the previous section, that a freely movable 
magnetic needle always points out the direction of the lines of 
magnetic force, and we must now come to the conclusion 
that the electric current produces a magnetic field inside 
the coil with lines of force in the direction of the axis of t 

the coil. % 

Eetuming to the experiment shown in Fig. 38, let 
us move the magnetic needle to various positions round 
the wire, and we shall find that the lines of force 
encircle the conductor (see Fig. 40). The action of the 
conductor on the needle being more vigorous near 
the wire, we infer that the lines of force are here more 
numerous, and diminish as we are more distant from 
the wire. As to the direction of the lines it is the same 
as the handle of a corkscrew, if the current be assumed 
to flow from the handle to the point of the screw. 

In order to see the circular lines of force, place a 
piece of cardboard horizontally and make a hole in the 
centre. Through this hole pass a copper wire which is 
held vertically. Sprinkle the card uniformly with fine 
iron filings, and now send a strong current through the 
wire. On tapping the card gently the filings will 
arrange themselves in a series of circles, as shown in A 

Fig. 41. I 

If we wind wire in the form of a helix, or what • 

is generally called a solenoid, then the circular lines of riG.40.— Lines 
force around each part of the wire will combine in a of Force round 
way which will be understood from Figs. 42 and 43. ^""^°*- 
Here several windings are shown in cross-section. In the 
upper part of the windings the current flows to us (marked by a dot), 
whilst in the lower part it flows from us (marked by a cross). Using 
the above rule, we find that the lines of force flow in the directions 
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marked by the arrows. For the sake of simplicity, only a single 
circle is drawn round each wire. We notice that, when the lines of 




Fig. 41. — ArrangemeDt of FilingB tound Current. 

force are directed upwards and downwards in the neighbouring circles, 
these destroy each other, and only those parts of the circles which are 
situated inside or outside the coil are effective. We have, therefore. 





Fig. 42.— Linea of Force of Helix. 



Fig. 43.— Resultant Field of Helix. 



as a resultant only straight lines inside and outside the solenoid. 
This is seen in Fig. 43. As a consequence, if a needle be placed 
within the coil it wUl tend to set itself along the axis of the coil. 
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Influence of a Magnet on an Electric Current — 
Deprez Instruments 

We have learned that a freely movable magnetic needle is 
deflected by a current flowing through a fixed conductor. If we 
make the magnet stationary and the conductor 
movable, we shall find that the latter will 
move when a current is passed through it. 
This can be well observed with the in>strument 
shown in Fig. 44. A strong magnetic field is 
produced by the horseshoe magnet, which is 
provided with soft iron pole-pieces. Within 
these is a fixed iron cylinder. By the action 
of the poles of the magnet the cylinder also 
becomes a magnet, with a north pole, n, and a 
south pole, 8. In the air gap between the 
magnet poles and the cylinder a coil, consisting 
of very fine wire, is arranged so as to be easily 
movable. The ends of this coil are connected 
by means of very fine spiral springs with the 
two terminals of the instrument. These 
springs hold the coil, to which a pointer is 
attached, at a position of rest, and at tlie 
same time give a means of leading a current 
from the terminals of the instrument to the 
coil. Hence, if we connect the teiminals of the 
instrument with a source of E.M.F., a current will flow through the 
windings of the coil. It flows, for instance, in the left part of 
the windings upwards, and in the parts to the right downwards. 
Now let us consider what deflecting actions will take place between 
electric current and magnet. Imagine the swimmer of Ampere's Eule 
in the part of the coil to the left hand of the reader. On this part 
the north pole of the magnet and the south pole of the cylinder are 
acting. Let the swimmer face the N pole, which would move towards 
his left hand if it were not fixed, then the swimmer being himself 
movable with the coil will be urged in the direction of the arrow 
1. The effect of the inner s pole will be the same, because we must 
now suppose that the swimmer is facing this pole. The pole, being 
a south one, is pressed towards his right hand, but, not being capable 
of moving again, the coil must be driven to 1, just as if his right hand 
were pressing in such a way as to move him along the face of the s 
pole. Next considering the right-hand part of the coil, the swimmer 
must proceed with his head turned towards the paper and from the 
reader; then, exactly as before, we shall find the resultant action is to 




Fig. 44. — Deprez 
Instrument 
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drive the coil in the direction of the arrow 2. Thus the forces acting 
tend to twist the coil round until they are balanced by the effort of 
the springs to drive the coil in the opposite direction. 

The stronger the current then of course the greater will be the 
deflection, so that if a pointer be fastened to the coil, arranged so 
that it moves over a scale, the strength of the current can be inferred 
from the amount of the deflection. Hence the new instrument with 
which we have become acquainted may be used as an ammeter. It 
is called after the inventor a Deprez instnunent. 

Important details of one make of a "moving coil instrument " (as 
it is often called) are seen in Fig. 45. These instruments have very 




Fig. -15. — GoDstiuction of Moving Coil Ammeter 
{Wtn<ton Ehctrical Imtrumeut Co,) 



useful properties. If the current be reversed, then the coil will 
obviously be deflected in the opposite direction. We can therefore 
furnish the instrument with a scale having a zero at the middle, and 
reading both to the right and to the left. Then the pointer gives not 
only a measure of the strength of the current, but also indicates its 
direction. If, however, the instrument is furnished with one scale 
only, reading, say, from zero to the right, then the cuiTent must 
alw^ays be sent through the instnmient in a certain direction. The 
terminals of such an instrument are therefore marked + and — , 
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telling us that the leads from the battery must be connected so that 
the positive and negative poles are respectively at these terminals. 

A Deprez instrument may be used, it will be evident, as a pole- 
finder. If the deflection is along the scale, then we know that the + 
pole is connected to the + sign on the instrument; if otherwise, 
then the — sign is connected to the + pole. 

A very fine wh*e being wound on the coil, the instrument can 
only be used for feeble currents. If a thick wire coil were used, then 
it might be serviceable for strong currents, but such an instrument 
would be clumsy and not sufficiently sensitive. It is quite possible 
to use the fine wire instrument for strong currents in the following 
way : Suppose that a coil is only able to stand a current of ^'^j amp., 
but that we had to measure a current of 1 amp. Then, if we connect 
in parallel to the coil of the instrument, a resistance, called a shunt, 
through which nine parts 
of the whole current flow, 
80 that only one part passes 
through the coil, the result 
will be that the shunt will 
take ^^ and the coil ^^ 
amp. This ratio can be 
obtained by making the 
resistance of the shunt f^ 
of the resistance of the 
coil. Thus if the resist- 
ance of the coil were Iw, 
then the shunt must be 

The same instrument 
may be used to measure a 
current of 10 amps., if we 
make the resistance of the 
shunt = ^\^o) ; again, if a 
current of 100 amps, had 
to be measured, we should 
require a shimt of ^l^w, and so on for still greater currents. 

The Deprez instrument is easily adapted as a voltmeter by con- 
necting a sufficiently large resistance in series with the coil. If we 
make the same assumption as before, and take as the maximum 
allowable current through a certain instrument to be ^^q amp., and its 
resistance la>, then it follows that we must not connect the instru- 
ment terminals with a voltage greater than j^^. For measuring 
higher pressures, say of 1 volt, we must place 9ai in series with the 
instrument ; this will give a total resistance of 10, and a current of 
i^ji amp. To measure 10 volts the total resistance must be lOOw, so 
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that the extra resistance will have to be 99w. In the same way a 
voltage up to 100 will require 999ci>, and a voltage up to 1000 will 
require 9999ai to be added. 

The same methods are applied to hot wire and other instruments 
in order to measure large voltages and currents. 

In the case of voltages and currents that are not very great, the 
shunt or resistance is placed within the instrument. 

For technical purposes the instrument is graduated so that the 
pointer directly shows the current or voltage of the circuit ; thus in 
Fig. 46 an illustration of an ammeter is given capable of measuring 
up to 400 amps. The shunt for such an instrument would be like 
that of Fig. 47, which, however, is only for 150 amps., and generally 




Fio. 47. — Shunt for Ammoter. 

is made of a number of strips of manganin, an alloy which changes 
its resistance but little with rise of temperature. 

Influence of Electric Currents on each other— 
The Electro-dynamometer 

We know that between an electric current and a magnet there is 
an action capable of causing motion. We shall now see that two 
electrical currents behave in a similar way. To prove this experi- 
mentally, use a fixed coil, consisting of a number of windings of 
insulated copper wire. At right angles to this fixed coil is a movable 
one. A current can be passed into the latter by means of wires 
which dip into two cups containing mercury, as will be seen by 
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examination of Fig. 48. Let currents be passed through the two coils, 
when it will be found that the outer coil will be deflected, and 
on reversing one of the currents — either in 
the outer or inner coil — the deflection will 
be reversed. Careful tests with this appa- 
ratus will prove that when the direction of 
the current is the same in the wires, that 
is to say both upwards or both downwards, 
then attraction results ; but when the direc- 
tions of the currents are opposed, then re- 
pulsion takes place. 

The influence of electric currents on 
each other is called electro-dynamic action. 
The word dynamic is derived from the 
Greek word dynamis, meaning force. 

The arrangement just described may 

be used for the purpose of measuring 

current strengths. Instruments of this 

type are called electro-dynamometers, and 

usually have a x>ointer attached to the 

movable coil. A wattmeter of this type 

will be described in later pages. Fia. 48.— An Electro- 

dynamometer. 




Electro - magnets 

Our early experiments have taught us that a piece of soft non- 
magnetic iron placed within a coil becomes magnetic as soon as a 
current is sent through the coil. Such an arrangement is called an 
electro-magnet. The iron may have any shape ; it is generally in the 
form of a bar or horse-shoe. 

How the iron acquires its magnetism is not very easily explained, 
but a comparison wUl enable us to understand what probably takes 
place. Suppose that, instead of the iron bar, we had a tube filled with 
a great number of exceedingly small magnetic needles. On shaking 
the tube the needles will so set themselves that the tube shows no or 
nearly no apparent magnetism. Place this tube within a coil through 
which a current is passed. A directing action will now be exerted 
on each of the magnetic needles, and they will attempt to turn in a 
certain direction. But the magnetic needles not being freely movable, 
hence offer a certain resistance to their rotation. If the current, 
and therefore the directing force exerted on the needles, is but small, 
then the resistance will prevent the needles from entirely following 
the dii^ecting force. 

A certain amount of rotation of, at least, the easier movable 
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needles will, however, take place. The poles of the needles will no 
longer be arranged in a confused manner, but their north poles are 
directed more or less towards one end, say to the right, the south 
poles more or less towards the left. The tube will now be magnetic. 
If we strengthen the current flowing through the coil, its directing 
force on the needles becomes a greater one, and with a very large 
current the directing force may overcome the resistance to motion 
entirely, and all the needles group themselves in the direction of the 
lines of magnetic force of the solenoid. The tube now shows very 
strong magnetism. If the current flows around the coil, as shown in 
Fig. 43, a north pole will be formed to the right, and a south pole to 
the left of the tube. If Kg. 43 be considered attentively, we are able 
to deduce the following rule : — 

At that end at which (looking towards this end) the current flows 
in a direction which is counter-clockwise round the coil there is a 
north pole ; and at that end at which (looking towards this end) the 
current flows clockwise round the coil a south pole is formed. 

From many other phenomena, not only of a magnetic nature, 
which could not have been otherwise explained, it has been con- 
cluded that the smallest parts of which a body consists are not 
joined together rigidly, but possess a certain mobility. These 
smallest parts, which cannot be made smaller by mechanical means, 
are called molecnles. 

We have now to imagine that every molecule of the iron is a 
diminutive magnet. If these, which we may call molecular magnets, 
lie in confusion, then the iron bar will be like that within the tube 
of the previous page, and have no apparent magnetism; but if we 
exert a directive action on the iron, by, for example, bringing near 
to it the north pole of a strong magnet, then all the south poles of the 
molecular magnets will turn towards the strong north pole and the 
north poles in the opposite direction, and the iron will now be 
magnetized. K the cause of the directing force be removed, then the 
molecular magnets return to their original position, either partially 
or entirely. 

We say partially or entirely, for if the molecular magnets are 
difficult to move, a great force will be necessary to deflect them from 
the position of rest. If, then, the deflecting force ceases, the particles 
will not return to their original position because the resistance which 
opposed the first motion will also resist any retrograde action. Iron 
of this kind will show magnetic properties, even after the magnetizing 
force ceases. Such magnetism is called residaal magnetism oi 
remanence. 

Iron having molecules that axe easy to turn will be easy to 
magnetize, and will readily return to the non-magnetic condition. 

Iron shows a different degree of remanence, according to its 
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hardness ; hence it is rather difficult to magnetize hard steely but its 
residual magnetism is of a large amount. 

Very soft, especially annealed wrought iron can be magnetized 
very easily and strongly, and in a far higher degree than steel ; its 
remanence is, on the other hand, small, and very much less than that 
of hard steel. 

With steel we generally do not speak about a residual, but rather 
of a permanent magnetism. 

It follows from the molecular theory of magnetism that, if we 
break a magnet into two parts, we cannot have one half containing 
north, and the other half containing south magnetism only. Even 
if we divide a magnet into exceedingly small parts, each of these will 
have both a north and a south pole. 

A field of magnetic force exists both in the space outside a 
magnet and also in its interior ; the lines are supposed to pass from 
a north pole to a south pole in the external field, and then to travel 
through the magnet from south to north pole, forming what is called 
a magnetio circuit. This magnetic circuit is very analogous to the 
electric one. 

In our future discussions about magnets electro-magnets will be 
chiefly considered, as these are of much greater technical interest 
than permanent ones. 

The exciting power of magnetism or magneto-motiye force is repre- 
sented by the effect of the current flowing through the solenoid. As 
we are aware, this effect depends merely on the strength of the current 
and the number of turns. Hence the number of ampere- turns is a 
measure of the magneto-motive force. The greater the latter is the 
larger is the number of lines of force, and the stronger the magnetic 
flux. But this flux depends not only on the exciting force, but also 
on the resistance which is opposed to the passage of the lines of 
force. This resistance is quite analogous to the electric resistance, 
and depends on the length of the path, the cross-section, and the kind 
of material. 

Iron offers a low resistance to the lines, whereas air and all non- 
magnetic materials have a far higher resistance. Hence, if we wish 
a strong magnetic flux, we must make the path through the bad 
conductor (generally air) as short, and its sectional area as great, as 
possible. 

We shall now be able to understand why a horseshoe magnet 
exerts a far stronger force than a bar magnet of equal strength of pole. 
If we bring the piece of iron called the keeper near a horseshoe 
magnet (see Fig. 49), the lines of force pass only a short distance 
through the air. The greater part of their path is through iron, 
either that of the magnet or of its keeper. Since the path through 
the keeper has a lower magnetic resistance than that through the air, 
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nearly all the lines will go through the keeper, and only a com- 
paratively small number of them will take other paths through the 
air. These last-mentioned lines are called stray lines. They are of 
no utility, for only those lines which reach the keeper can cause 
attraction. 

If now we bring the same keeper, as in the previous example, to 
the pole of a bar magnet, then we observe that all the lines have an 





Fig. 49. — Horee-ehoe Electro- 
magnet 



Fig. 50.— Straight Eloctro- 
magnet. 



air path (see Fig. 50), and very few pass through the keeper, so that 
the useful lines are very few. 

Owing to the long air path the magnetic circuit here has a very 
high resistance, and for the same magneto-motive force the number 
of lines will be far less than in the case of the horaeshoe magnet. 
The flux into the keeper being small, the pull upon it by the magnet 
will be correspondingly small. 

The law connecting the flux with the exciting power and resistance 
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is known as Ohm's Law for magnetism. There is, however, a very 
important difference between this law and the Ohm's Law for the 
electric circuit. In the case of the electrical current a double E.M.F. 
will cause a double current, and a pressure one hundred-fold will 
give a current one hundred times as great through any constant 
resistance. With the magnetic circuit this is by no means the case. 
As we understood from the discussion about magnets, there is a 
defined limit above which the magnetism cannot be further increased. 
This maximum is reached when all the molecular magnets are pulled 
into a straight line. Hence, as we approach this condition of satu- 
ration any increase of magneto-motive force is practically useless. 
Further, the magnetic resistance of such saturated iron is very great. 
Nevertheless, up to a certain point the magnetic is like the 
electric circuit. A great increase of the electric pressure produces 
a very strong current, which heats the wire and causes it to have a 
higher resistance than before, preventing therefore the current from 
becoming so great as it would be if the wire had been kept at the 
original temperature. Compared with the corresponding increase 
of the magnetic resistance this change of electric resistance is small. 



Induction 



We have learnt that an electric current flowing through a con- 
ductor in a magnetic field, is capable of producing motion of the 
conductor or of the magnet. We shall 
now see that in a conductor which is 
made to move in a magnetic field 
an electric current is produced. 

To prove this, let the following 
experiment be tried: In front of the 
poles of a horseshoe magnet move a 
copper rod, which has its ends con- 
nected by flexible wires to a sensitive 
Deprez ammeter, as shown in Fig. 51. 
If we move the copper rod in any 
direction, say from left to right above 
the north pole, the ammeter will show 
a sudden deflection. If we move the 
rod in the same way above the south 
pole, the deflection will be in an 
opposite direction. If now the rod be moved from right to left 
the deflections will be opposite to the corresponding ones of the first 
direction of motion for each pole. As the result of the motion, we 
therefore produce an E.M.F., whose direction depends both on the way 




Fig. 51. — A Conductor in a 
Magnetic Field. 
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that the lines of force proceed through the conductor, and on the way 
the conductor is moved. On stopping the movement of the conductor 
the needle of the ammeter immediately comes to rest, proving that 
motion is essential for the maintenance of the generated electrical 
pressure. We shall further find that it is a matter of indifference 
whether we move the conductor or the field. 

If there is no closed circuit, a current caunot of course be pro- 
duced, but an E.M.F. will exist immediately the conductor moves; 
just as, in the case of a galvanic cell, an E.M.F. is present even if 
the poles are not connected. 

It is of practical importance to determine in all cases the direction 
of the current in the moving rod. 

It will have been remarked that, in Nature, whenever a motion 
takes place there exists some resistance which tries to bring the 
moving body to rest. To overcome this resistance work has to be 
done. The ground, for example, offers a resistance, to the movement 
of a vehicle. Such resistance is known as friction. If the moving 

force be withdrawn, friction will 
gradually cause the vehicle to 
stop. It is exactly as if there 
existed a force which acts in a 
direction opposite to that of the 
Fia. 52.— Action of MoviDg Boat motion. If a boat is moved 

on water (see Fig. 52), the 
water is raised in front of the boat, which will try to drive the boat 
in the opposite direction, and will really do so as soon as the moving 
force ceases. 

It is precisely the same with the moving conductor. As it is 
made to travel in the magnetic field a current is 
produced in such a direction as to oppose the motion 
of the conductor. Ampere's Law will help us here. 
An experiment (Fig. 53) will show that it* the con- 
ductor be moved to the right a current will be 
produced so as to flow towards the spectator (this 
direction is indicated by a dot in the diagrams). 
Such being the direction of the current the swimmer 
FiQ 63 — i^ t'^® current may be thought of as pushing along 
Direction the face of the fixed N pole with his left hand, and 
of Induced hence he tends to drive the conductor towards his 
Current. ^gj^^ j^^^^ j^ ^j^^ direction of the feathered arrow. 

To overcome this backward force of the current 
we must do work to move the conductor in the intended direction. 
The larger the produced current — and we may alter this according 
to the resistance connected with the outer circuit — the larger will 
be the retarding force, and thus the greater must be the work 
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which we have to exercise to move the conductor. Hence it 
follows that we do not get the current for nothing, but we must 
employ a certain amount of mechanical effort. We therefore only 
transform mechanical into electrical energy. 

A rule will now be given by the aid of which it is possible to 
determine the direction of the produced, or, as it is called, the induced 
current in a much simpler way than employing 
Ampere s Law each time. 

Hold the palvi of the right hand agaiiist the 
lines of force, tJie thumb in the direction of the 
viotioiiy t/ien the fingers point out the direction of 
tlu induced current (see Fig. 54). 

In the case of the example of Fig. 53 the 
palm of the hand would have to be turned 
downwards, against the north pole, since the 
lines of iforce proceed upwards. On then 
holding the thumb to the right, the fingers 
point towards the spectator, indicating the 
direction of the current as proved by ex- 




Fio. 5*.— The Hand 
Rule. 



penment. 

There is another and 
be studied. If we wind 
connect its ends with the 



important case of induction that must 
a wire round a core of soft iron, and 
terminals of a Deprez ammeter, we can 
observe a deflection on the instrument immediately we approach a 
magnet polo to the core. When the magnet comes to rest the 
deflection at once ceases. If we take away the magnet from the 
core a deflection is produced in the opposite direction. 

The same effects can be observed by winding another coil on the 
core which is connected with some source of E.M.F. As long as 
the current in the new coil remains constant — that is to say, as long 
as the flux does not alter — we cannot observe any current. But as 
soon as we strengthen or weaken, start or stop the magnetizing 
current we get a deflection of the ammeter which is greater the 
greater is the variation of the magnetizing current, and the more 
rapidly the alteration is caused. 

Thus an E.M.F, is always induced in a xoinding surrounding an 
iron core if the magnetism of the core is either strengthened or weakened. 



Electrical Machines 

If we could by any special device move a conductor repeatedly 
backwards and forwards in front of a pole of a magnet, we should 
obtain a current which would change its direction with each alteration 
of the direction of motion. This would be the simplest form of an 
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electrical machine serving for the transformation of mechanical into 
electrical energy. 

A motion backwards or forwards, or up and down, is called a 
reciprocating motion, and is generally avoided from a mechanical 
point of view. A rotating motion is much 
more preferable and, as it is easy to construct 
an electrical generator or djrnamo with con- 
ductors which rotate, this is the usual method 
of construction. 

In Fig. 55 is shown a horseshoe magnet, 
which is similar to that of a Deprez instniment, 
and is provided with pole-Bhoes of soft iron 
having a circular bore. To give the lines of 
magnetic force a very short air path, in the 
Deprez instruments a fixed iron cylinder is 
placed inside the circular space. Within the 
air gap the conductors are movable. The same 
device would serve as a dynamo too, but the 
rotation of a fine wire* coil in so small a space 
is not a very practical construction, and would 
be far too fragile for a dynamo. A more satis- 
factory way is to fix the wire to the iron cylinder, 
and make them revolve together. To this part 
the name armature is given. 
One method of making an annature is shown in Fig. 55, which is 
called, after its inventor, a Siemens armature, or, after its method of 
construction, a shuttle or H-shaped armature. It will be seen that 
the iron cylinder has two slots in which the wire is wound. 

The effect of the winding in cutting through the lines of force is 
the same as in the case of the Deprez construction; for, the iron 
armature is not a permanent magnet, but serves only for transmitting 
the lines of force from the north to the south pole. Whether the 
armature is rotating or not, the lines of force always keep in the 
same direction. They do not rotate together with the armature, but 
always flow in a horizontal direction from the north to the south 
pole. 

The direction of the current produced in the windings, we may 
easily determine by means of the Hand Eule. Let us assume the 
rotation of the armature to be clockwise. If we consider now those 
wires which pass the north pole at this moment, then we have to 
hold the palm towards the north pole {i.e. towards the left) and the 
thumb in the direction of motion, or upwards. The fingers are then 
directed behind the plane of the drawing. Hence in all wires to the 
left a current will be produced, which flows from the spectator. 
(Marked, in Fig. 56, by crosses.) We have now to consider the wires 



Fio. 55.— A Magnoto- 
Generator. 
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this 
the 




Fio. 56.— The 
Siemens Ar- 
mature. 



to the right, which are near the south pole. The thumb in 
case must be held downwards, because the armature with 
mres moves downwards on this side also, and the 
palm must be turned towards the north pole as before. 
The fingers point towards the spectator, this direction 
of the current being indicated, in Fig. 56, by dots 
within the circles representing the wires. From the 
same diagram, which shows also a plan of the 
windings, we learn that all the induced E.M.F.'s add 
themselves. If, for instance, there be 6 windings 
or 12 conductors on the armature, the total E.M.F. 
produced in the latter will be 12 times that induced 
in a single wire. If we wind 1000 turns of a very 
fine wire on the armature, we may, therefore, get a 
considerable voltage, especially if there is any arrange- 
ment to make the armature rotate very quickly. This 
may, for instance, be accomplished by a suitable 
toothed wheel gearing. 

To connect the armature with the outer circuit, we 
fix each of the ends of the coil to a copper or brass slip- 
ring (see Fig. 57). 

On these rings, metal springs or bnuhes press, 
which may be connected with the outer circuit. For it is, of course, 
impossible to connect the wires of the outer circuit directly with the 
ends of the coil, and yet permit firee rotation. 

After the armature has made a quarter of a revolution we 
observe that the wires are neither within the 
influence of the north nor of the south pole. 
They are exactly as far from the north as from 
the south pole. Therefore at this moment no 
E.M.F. at all is induced in them. When 
the armature passes from this position, the 
wires, which before have been embraced by 
the north pole, come now to the south pole, 
and vice versd, thus the direction of the 
induced E.M.F. is altered. The current, flow- 
ing thi-ough the outer connection, hence alters 
its direction at each half revolution of the 
armature. 

At the position of the armature shown in Fig. 55, the current has 
its maximum value. Then it decreases gradually, and becomes nil 
after a quarter revolution of the armature, and then gradually grows 
to a maximum (but in a reversed direction), becomes again nil, and so 
on. We shall be able to understand these changes better by drawing 
a wavy line such as shown in Fig. 58. A point, moving on tliis 
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Fig. 57.— Slip-Rings. 
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wave line, has at a defined time its highest position, marked in the 
figure by a ; its height decreases then gradually, and becomes zero 




Fig. 58.— Alternating-Current Curve. 



at &. Then the point descends beneath the horizontal line, till it 
reaches its lowest position at c, which is exactly as far under the 
horizontal line as the point a is over the horizontal line. The point 
now ascends imtil it reaches at d the horizontal line, and continues to 
rise until at e its highest position is reached, which is equal to that of 
a. From here the previous changes are repeated. 

The current thus generated is quite different to that taken from 
a galvanic cell, which is constant in strength and direction as long 
as we do not alter the resistance of the circuit or the connection of 
the poles, and is therefore called a constant current. The current, 
on the other hand, taken from the armature just described, is called 
an alternating current, and each up-and-down change of the current, 
as from h through c to d (Fig. 58), is called an alternation. If the 

armature of such a two-pole or bipolar 
dynamo makes 1000 revolutions per 
minute, then the number of alternations 
in the same time is 2000. 

For certain purposes the employ- 
ment of alternating currents is of great 
advantage. It is, however, very often 
desirable to obtain a rectified or con- 
tinuous current. If the armature be 
rotated very slowly, such a current may 
be obtained by changing the wires going 
to the slip-rings after each h?.lf revolu- 
tion, at the moment the current is 
reversing its direction. Changing of 
the wires by hand is naturally im- 
possible at the usual siKjed of rotation. A " commutator " enables 
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Fig. 60.— Second Posi- 
tion of Commutator. 



this difficulty to be readily overcome. It consists (see Fig. 59) of 

two half rings, which are insulated from each other. One of these 

half rings is connected with the beginning, the other with the end of 

the armature coil. The brushes are opposite each other, one on the 

highest, the other on the lowest point of the split ring. With the 

brushes 1 and 2 the outer circuit is connected. The position of the 

commutator shown in Fig. 59 corresponds with the armature position 

of Fig. 55. Let the commutator revolve in the 

direction of the arrow. Then Fig. 60 will show 

its position a quarter of a revolution afterwards, 

and, until reaching this position, an E.M.F., will 

have been induced in a certain direction — say, 

so as to send a current from brush 1 to brush 2. 

At the moment that the position of Fig. 60 is 

reached the armature is short-circuited by each 

brush. This will be of no great disadvantage, 

because, as we know, at this position no E.M.F. 

is induced. As the rotation of the commutator 

proceeds, the half shown black in the diagrams 

will come in contact with brush 2, and the white 

half will touch brush 1. Now, it must be 

remembered that the electrical pressure will 

be in the reversed direction; but, at the same 

time, the connections with the outer circuit have been changed, so 

that the current (as shown in Fig. 61) will again proceed from brush 

1 to 2. No change in direction of the 

induced current will follow until the 

commutator from the ]x>sition Fig. 60 

has turned through half a revolution. 

Reversal of the current, and the change 

of brushes to rectify it, then takes 

place. This is repeated at all subsequent 

half turns. 

The kind of current so produced is 
not really a constant current, such as 
can be obtained from a galvanic cell, 
but it rises to a maximum and falls to 
nothing repeatedly. The current is 
represented by the curve of Fig. 62, 
and consists of half waves all directed 
upwards. The peak of each wave corresponds to an armature 
position as shown in Fig. 55, and the zero positions show the absence 
of E.M.F. at a quarter turn later. 

The dynamo we have described is generally employed for the 
generation of very small currents. As mentioned above, we can 




Pio. 61.— Third Poaition of 
Ck>mmutator. 
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produce in the small armature a comparatively great E.M.F., by- 
employing very many fine windings. Naturally, we obtain from 
this armature only a very small current on account of the fine wire 
used on the armatura 

It is sometimes very useful to get a pressure of 100 volts from 




Fio. G2.— Rectified Current. 



Im 



such a small portable machine. If a galvanic battery were used 100 
cells would be required. This would be more bulky than a small 
dynamo, and have the further inconvenience of requiring recharging 
from time to time. 

This simple form of a dynamo is therefore used as current genemtor 
for certain tests, such as that of insulation. If we require, for instance, 
to examine if a line is well insulated from earth, we should connect 
one terminal of the dynamo with earth, and from the second terminal 

lead a wire to a galvano- 
meter — an instrument 
similar to an ammeter. 
m-^m^=^^^^m From thc sccoud galvauO" 

IlttlfllBBlL. meter terminal a wire is 

l^^lff^awW^ led to the line to be tested. 

I I '- 'SVH% Then the armature is 

„ - ■ I mSJKAk turned quickly. If the 

line is well insulated from 
earth, then although the 
machine produces an 
E.M.F., no current results, 
an(J the pointer of the gal- 

t- 1 ' I ' I' r^^B vanometer remains in its 

- ^^^^^^Ml^^r^. . position of rest. K, on the 

^^^^"^^^^^ other hand, the insulation 

is defective, the E.M.F. of 
100 volts, produced in the 
armature, will be able to 
send a current through 
the circuit, and the pointer of the galvanometer will be deflected. 

We can, further, note from the force which has to be exerted for 
turning the armature whether the machine is supplying any current 
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Fig. 63. —Magneto-Electric Machine. (Berliner 
Telephone Manufacturers* Co.) 
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or not. In the former case it is rather difficult to turn the armature, 
because electric ppwer is produced in the machine. In the latter 
case the turning is much easier, for, as there is no current, no electric 
power can exist, although we have E.M.F. present. Thus, only such 
power must be exerted as may be required to overcome the friction 
of the armature and the gearing. 

This machine, which is generally called a magneto, is also used 
for ringing the kind of electric bells that are often used in connection 
with telephones. A complete machine is shown in Fig. 63. 
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CHAPTER III 

THE CONTINUOUS CURRENT DYNAMO 

The Ring Armature 

With large dynamos, such as are employed for electric lighting or 
power transmission, the Siemens armature is not used. In these 
cases the ring armature invented by Gramme is sometimes employed. 




Fig. 61. — Ring Armature. 

This will now be described. It is shown in Fig. 64, and it will be 
seen that it consists of a ring-shaped iron core, which is not cast or 
forged in one piece, but built up from a great number of thin sheets 
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of soft iron. Over the ring an insulated wire is wound in many 
turns. Tlie ends of the windings are soldered together, so that the 
whole armature winding forms a circuit closed on itself. This is 
called a closed-coil armature in opposition to the open-coil type, 
which is, for instance, represented by the simple Siemens armature. 
If, now, the armature rotates between the polos N and S, an E.M.F. 
will be produced in each wire. . We have to examine how the 
different E.M.F.'s produced in the wires behave towards each other. 

We must, first of all, be clear about the course of the lines of 
force. To the latter, coming from the north, and going to the 
south pole a way is offered through the armature. They can either 
make a bend, and go through both halves of the iron core, or they 




Fig. 65. — Lines of Force through Ring Armature. 

can go the shortest way, directly through the interior of the iron core, 
to the south pole. The first way offers much the lower resistance, 
because the path is only through iron having a small magnetic 
resistance. Hence, most of the lines of force will pass round the iron, 
and a small number only will go through the inside of the ring 
(see Fig. 65). 

We have next to carefully distinguish between the outer and the 
inner wires of the armature winding. The outer wires cross the total 
number of lines of force in the air gap in passing the north or south 
pole. The result is that in the outer wires a considerable E.M.F. is 
induced, the direction of which we can determine if the direction of 
rotation is given. In all the outer wires passing the north pole an 
E.M.F. in one direction, in the wires passing the south pole an 
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E.M.F. in the opposite direction, is induced. From the inner wires 
and the lateral parts of the \vindings very little E.M.F. is obtained, 
because very few lines of force cross them. Hence the really eflfective 
portion of each winding is the outer wire, the other parts of the 
winding serving for connecting each wire with the next one. By 
means of these connections the pressures produced by the outer wires 
within the embrace of the poles are placed in series. The wires in 
the space between the upper tips and the lower tips of the poles, 
called the neutral zone, are ineffective, and serve as connecting wires 
only. 

When this ring armature rotates no current will circulate through 
its wires, for the E.M.F. produced by one pole is equal and opposite 
to that produced by the other pole. Hence we have exactly the same 
case as in Fig. 19, where we had two cells in parallel without any 
external connection, so that the cells were in opposition. Immediately 
we provide an outer path the two pressures combine, and send 
a current in the same direction to feed the outside circuit, as shown 
in Fig. 20. 

With the ring armature we can get connection with an outer 
circuit by removing the insulation from the portions of the wires 
lying on the outside surface of the ring, and fixing brushes in the 
neutral zone, which rub on the bared wire. On joining the + 
and — brushes (see Fig. 64) to lamps, etc., the right- and left-hand 
windings now work in conjunction, and each supplies half the current 
passing out from the brushes. 

It is not very usual to collect the E.M.F. by baring the external 
wires. It is much more usual to have a special part, the commutator. 




Fig. 66.— Ring Armatore. (Britufi Schuckert Co.) 



For this purpose every turn (or every second, third, or other turn, 
according to circumstances) is connected by a soldered wire with, a 
bar or segment of hard copper. The single segments are of wedge 
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shape, and are insulated from each other by means of thin sheet-mica. 
The segments are then fixed on a metal cylinder, from which they are 
insulated. Along the surface of the segments brushes are so fixed 
that between them and the segments there is not much friction. 
The effect is just the same as if the wires were made to slide 
on the brushes. Fig. 66 is an illustration of a ring armature 
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Fio. G7.— Section of Ring Armatare and Commntator. 

with commutator, and Fig. 67 gives a cross-section of such an 
armature. 

We have still to explain why the armature is not made from 
solid iron, but is buUt up from a number of thin iron discs, and 
provided with paper insulation, so as 
to separate the iron discs from each 
other. If we let a solid iron ring 
rotate very quickly in a magnetic field, 
it will, after a short time, become 
exceedingly hot. This is explained by 
the fact tiiat the ring crosses magnetic 
lines of force, hence inducing electro- 
motive forces, which produce currents. 

Let us now consider what would 
happen, during the rotation in a mag- 
netic field, in a solid piece of iron 

cut from the armature along its axis. This piece would have a 
shape similar to that of a commutator segment (see Fig. 68). 

This armature sector would not cross the lines of force symmetri- 
cally. The uppermost part crosses very many, the lowermost part 
hardly any, and the intermediate parts always a less and less number 
of lines of force, according to their distance from^the aurface. If 
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we now imagine the sector to be divided into several strips (see 
Fig. 69), these strips will represent electric conductors, which, on 

rotation, cross lines of force, so that an E.M.F. 

is induced in them, which will be greatest in 



^ ■ ^ 13 lUUUUtJU lU IdlClU, WlJlUll Will uc gxcatK?oi/ xu. 

^^2 f~'^ — — - 12/ the uppermost strip, smaller in the second, 
7 <^^^^v i/f J7 finally smallest in the innermost strip. If we 



consider, for instance, the uppermost and the 
Fio. 69.— Eddy Currenta lowermost strips, then, if the E.M.F. induced 
in Iron. ^ ^y^q former be, say, 1 volt, that induced in 

the latter might be I volt only. As all these 
conductors form together one piece, they are connected electrically 
with each other. Against the large E.M.F. of the uppermost strip 
a small E.M.F. only of the lowermost strip will act. Thus in the 
closed circuit a current will flow which is produced by the difference 
of the two electro-motive forces. This difference is f volt in our 
example. This E.M.F. can produce in a solid iron bar, which has a 
very low electrical resistance, exceedingly strong currents. These are 
transformed into heat, and may make a solid iron bar red hot after 
a short time. 

Hence the generation of strong eddy currents is prevented by 
building up the iron core of thin sheet-iron discs and very thin 
paper jdtemately (marked, in Fig. 67, by vertically hatching). The 
single discs are insulated from each other by the paper layers. An 
E.M.F. is now, of course, induced in each of the iron sheets. But 
if we, for instance, assume that the number of discs required for 
building up the armature be 200, then the E.M.F. produced in the 
uppermost part of each of the discs will be only the 200th part of that 
produced in the full armature length, i.e. ^q volt. Further, this far 
smaller E.M.F. has to flow along a way, which offers to it a very 
high resistance. To come to the innermost part of the armature disc, 
the current has to flow through the very thin iron. As the resistance 
of the latter is a very considerable one, the eddy currents will be far 
smaller than those occurring with the solid iron armature. As a 
matter of fact the temperature rise of a well-designed armature over 
that of the surrounding air does not exceed 70° to 90° Fahr. This 
heating, however, is to a considerable extent produced by the current 
in the armature conductors; the eddy currents themselves alone 
cause a much less rise of temperature. 

The method of building up the armature out of single sheets of 
iron is now generally followed. A slight difference in the construction 
happens, inasmuch as, in some cases, the single discs are insulated, 
not by thin paper, but by a coat of varnish. 
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Drum Armature 

The interior part of each winding of a ring armature is useless 
for thegeneration of E.M.F., but is necessary for connecting every 
conductor with the next one so that the E.M.F/s do not act against 
each other, but in the same direction. This series-connection of 
the electro-motive forces may be obtained in another way, viz. by 
connecting opposite conductors through a wire which is laid over 
the surface of the armature, as vrith the Siemens armature. If we 
consider Fig. 70, we shall see that 4 of the 12 armature wires are 




11 10 

Fio. 70.— Dram Armature Connections. 



situated within the reach of the north pole (viz. Nos. 12, 1, 2, and 3), 
4 other wires are situated within the reach of the south pole (6, 7, 8, 
and 9), and the remaining 4 wires in the neutral zone. Thus if in 
the wires under the north pole an E.M.F. is produced, which may 
be directed from the spectator, in the wires under the south pole 
an E.M.F. is produced which is directed towards the spectator; 
whereas in the wires 4, 5, 11, and 10 no E.M.F. at all is produced. 
It is now clear that we get a proper series-arrangement of the 
electro-motive forces if we connect the front end of wire 1 with the 
front end of any of the wires 6, 7, 8, or 9. It would be the nearest 
to connect wire 1 with the exactly opposite wire, 7. But this would 
not give a proper, continuous armature winding ; Jor, if ,we connect 
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the back end of wire 7 with the opposite wire, we come back again 
to wire 1. To get a continnons armature winding, we have, thus, 
to select as the pitch a number which is not exactly equal to half 
the number of the wires. To come from wire 1 to wire 7, we have 
to make six steps : the pitch is, therefore, said to be 6. Let us now 
select as the pitch the next smaller number, viz. 5. We have then 
to connect on the front wire 1 with 6. On the back of the armature 
we have to connect 6 with 11. The connections at the front of the 
armature are indicated in Fig. 70 by full, twice bent lines ; those at 
the back of the armature, by dotted, straight lines. In proceeding 
with the connections, we come to a ifront connection from 11 to 4, 
then at the back from 4 to 9, front from 9 to 2, back 2 to 7, front 

7 to 12, back 12 to 5, front 5 to 10, back 10 to 3, front 3 to 8, back 

8 to 1 — that is, back to the point of departure. The closed circuit, 
which is formed in such a way, comprises, thus, all the wires of the 
armature. In the middle of each of the front connections a Joint is 
made with one commutator-bar. 

This armature acts exactly like a ring-armature. Let us assume 
the brushes to lie on the commutator bars, which correspond to the 
wires 4 and 11, and 5 and 10 respectively, and let us then follow the 
course of the current. There are two ways going from the left-hand 
brush — one to wire 4, the other one to wire 11. On the first way we 
come from 4 through the back connection to the wire 9, in which 
an E.M,F. directed towards the spectator is induced (indicated by a 
dot). If we proceed in this direction, we come through the front 
connection to wire 2, in which an E.M.F., directed from the spectator 
(indicated by a cross), is induced. Thus this E.M.F. is acting in 
a like direction to the first one. We reach now, through a back 
connection, wire 7, through a front connection wire 12, whereby all 
the electromotive forces add themselves, and come further through a 
back connection to 5. Wire 5 is a neutral wire, in which no E.M.F. 
is induced, and which is in direct connection with the second brush. 
The current can thus flow from the second brush into the outer 
circuit. This brush is, therefore, the positive one, whereas the left 
brush is the negative one. 

If we follow the second way, which is offered to the current from 
the left brush, we come from 11 to 6, from 6 to 1, from 1 to 8, from 
8 to 3, in which wires the induced electro-motive forces add them- 
selves, and at last from 3 to 10. On this second way we have as 
many series-connected wires as iu the first way, viz. 4 effective and 
2 neutral conductors. The E.M.F. of the second half of the armature 
is thus equal to that of the first one. Both halves of the armature are 
connected in parallel, like the halves of the ring armature. Fig. 71 
shows, further, a diagram of connections for an armature with 24 
conductors. In this case the pitch is 11, and it can be seen 

Jigitized by CjOOQ IC 



THE CONTINUOUS CURRENT DYNAMO 



71 



that the result is the same as with the armature with 12 
conductors. 

To get one continuous drum-winding, it is necessary to select 
as pitch an odd number. If in the last example we made the 




19 Id 
Fig. 71.— Drum Armature Connections. 



step = 10, then we go from 1 to 11, from 11 to 21, and so on, and 
can never arrive at conductors with even numbers, but combine half 
of the conductors, viz. the odd ones only, in a closed winding. 
Instead of one continuous armature winding, we get in this way 
two entirely separated windings. 

On the other hand, it is not necessary to make the pitch just 
equal to a number smaller by one than the half of all wires. With 
24 wires we could make the pitch either 11 or 13. 

The pitch on the front need not always be equal to that of the 
back. If we had 22 wires, for instance (see diagram, Fig. 72), we 
could make the front step = 11, the back step = 9, and would then 
get a winding of quite the same kind as considered before. 

The drum armature was first employed by Hefner- Alteneck. It 
has certain advantages over the ring armature. Since no wires go 
through the interior of the armature, for small armatures the iron 
discs may be fixed directly on the armature shaft. The construction 
of the armature becomes therefore cheaper, and the winding simpler. 
Also for larger armatures the drum winding is preferred to the ring 
winding. 
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Special means must be provided to prevent the conductors from 
sliding on the smooth armature surface. For this purpose on the 
surface of the armature sometimes grooves are made, and rods are 
put into these grooves, which prevent the conductors from sliding. 




Fig. 72.— Dmm Armature Connections. 



VIZ 



These rods axe called diiying-keys. For smaller armatures about 
4 to 10 driving-keys are required. 

Generally this difficulty is overcome in quite another way, 
iz by placing the conductors themselves into slots, which are 

either cut in the complete 
armature core, or stamped 
in the single discs which are 
fixed on the shaft, so that 
they form continuous slots, 
into which the armature 
wires are laid. In this case 
there are many slots, which 
are very near one another. 
Between the single slots the 
teeth or small bridges of the armature iron project. In Figs. 73 and 74 
portions of toothed discs are shown. Fig. 75 shows a toothed 
drum armature without, and Fig. 76 one with its winding, which 
lies well protected in the slots. These armatures are called toothed 
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Fig. 73.— Open 
SlotB. 



Fig. 74.— Nearly 
Clofled SlotB. 
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armatures in opposition to the above described smooth armatures, 
although the latter may have some slots for the keys. 

Both the ring and the drum, the smooth and the toothed armatures 
are capable of producing a continuous current of nearly the same kind 
as that delivered by a battery. As a rule, the armature winding 




Fig. 75. — Armatare-core, without Winding. 

consists of a great number of conductors ; and, by the action of the 
commutator at every moment all wires within the range of the lines 
of force act in the same manner, and give E.M.F. ; whereas with the 
Siemens armature the pressure oscillated at each half turn between 




Fig. 76.— Wound Drum Armature. 



zero and its maximum value. Certain fluctuations do, however, take 
place also with these armatures. It might happen that there are at 
one time 20. whilst in the next moment there are 21 slots under the 
pole-shoe, so that the E.M.F. induced is alternately a little smaller 
and larger, but generally these fluctuations are unimportant. 



Magnet System 

Permanent steel magnets cannot be magnetized to as high a 
degree as electro-magnets. Hence, for dynamos, electro-magnets are 
exclusively employed. Fig. 77 shows a dynamo with horseshoe- 
shaped magnets. Over the arms of the latter two coils are wound, 
so as to drive all liues of force in the same direction through 
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Fio. 77.— Magnetic Circuit of Bipolar 
Dynamo. 



the magnet, and to make one pole north, the other one south 
magnetic. 

To get a strong magnetic field it is, as we know, essential to 
have the lines of force going as far as possible through iron only, and 

to make the way through air or 
any other non-magnetic materials 
as short as possible. Hence the 
air gap between armature and 
pole-shoes is kept very small. 
It is obvious that we can ap- 
proach the armature core nearer 
to the pole-shoe with a toothed 
armature than with a smooth one, 
for with the latter the winding 
is arranged over the iron core. 
This is a further reason why, 
now -a -days, toothed armatures 
are generally employed for dy- 
namos. 

To get a current from the 
dynamo, it is necessary to " excite " 
the magnet system, Le. to send a 
current through Uie coils, by 
which a magnetic flux is produced. The current for exciting the 
magnet coils may be taken from any current generator, as for 
instance, a galvanic battery. We shall see, later on, that it is not 
necessary to use an external current generator for this purpose. 
But as this case is the simplest one, and easiest to be understood, 
we shall, first of all, take this as a basis for our consideration. 

If we send a current through the magnet coils, and let the 
armature rotate, the dynamo will produce a definite voltage. The 
E.M.F. induced in each conductor is larger the stronger the magnetic 
field and the greater the speed of rotation of the armature. Since 
the coils of each half of the armature are connected in series, the 
E.M.F. of the whole armature will also increase with the number of 
armature wires. If we turn a certain armature, firstly with a speed 
of 500, and then with 1000 revolutions per minute, and leave 
unchanged the strength of the magnet current, then the E.M.F. of 
the armature will be twice as much in the second case than in the first 
one. If we strengthen the magnetizing current, the E.M.F. of the 
armature will also rise, but not quite in the same proportion. For, 
as we know, there is a limit to the magnetization of iron, and if 
we approach this limit, a great increase of the magnetizing ampere- 
turns, causes only a small strengthening of the magnetic field. By 
means of a diagram we can make this clear as follows : — Let us draw 
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1000 



2000 3000 4000 5000 



Fig. 78. — Magnetization Gharacteristio. 



a horizontal line (Fig. 78), and divide it into parts, each of say 
1 cm. The length of 1 cm. represents, then, about 1000 ampere- 
turns. Thus we mark the 
first division with 1000, the 
second one with 2000, the 
third one with 3000, and so 
on. Now let us draw a 
vertical line from each of 
these divisions. The length 
of these lines we make 
equal to that E.M.F. which 
is produced by the armature 
at a constant speed, if the 
magnet arms be excited 
with 1000 ampere-turns in 
the first, with 2000 in the 
second, 3000 in the third 
case, and so on. A height 
of 1 cm. of the vertical line 
has to represent about 20 
volts. We observe that, 
with 2000 ampere-turns, the 
voltage is nearly double of 
that with 1000 ampere-turns. 

But as the excitation grows to 3000, the increase of the voltage is 
slower. At still higher excitations the voltage increases, but less and 
less. If we connect all the ends of the vertical lines by a line, we 
get a bent line or a curve. This line is steep at its beginning, and 
becomes rather flat at its end. This curve is called the dectro-inotive 
farce characteristic of a dynamo on open circuit. A simpler name is 
the magnetization characteristic. 

To obtain from the dynamo that we are considering a voltage of 
110, we want on the magnet limbs about 4000 ampere-turns. We 
can get this by sending through a coil of thick wire, with 40 windings, 
a current of 100 amps., or by sending through a coil of fine wire, with 
2000 windings, 2 amps., and so on. As, in the first case, the few 
windings of thick wire have a small resistance, the voltage required 
for this coil is small, say about two volts ; whereas, in the latter case, 
the numerous windings of the fine wire have a very high resistance, 
and therefore a much larger voltage — about 100 volts — is required. 
The output in watts, however, which has to be spent for excitation 
is practically the same in all cases. In our examples, for instance, 
it would be 200 watts. 

If the dynamo delivers current to an outer circuit, the voltage on 
the brushes decreases. We have observed the same case with the 
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battery. The dynamo armature has a definite internal resistance. 
If now through the armature a current is flowing, the resistance 
consumes a certain voltage. Thus the terminal voltage, i.e. the 
voltage of the brushes, is smaller than the E.M.F. induced in the 
armature. The larger the current the greater will, as we know, be 
the voltage drop. 

But there is, in addition to the internal resistance, a further 
reason which causes this voltage drop. The currents flowing in the 
armature exert a reaction on the magnetic field, so as to weaken the 
latter. We shall deal, later on, sepai-ately with the question of the 

armature reaction. For the 
,2Q present moment it is sufficient 

to know that the armature 

reaction has an effect similar 

too ^^^>s^ to the ohmic resistance of 

the armature. Both cause a 
voltage drop at an increased 
»« load. 

We can make this clearer 

by means of a diagram. Let 

us assume that the magnet 

system be magnetized con- 

ioj stantly by 4000 ampere-turns, 

and that the current taken 

from the armature be 10, 20, 

2of 30 amps., etc., respectively. 

1 cm. on the horizontal line 

Amperes | | may represent 10 amps, (see 

10 20 30 40 50 Fig. 79). On the vertical we 

plot the voltages as before. 
If the dynamo does not supply 
any current, its pressure is 
about HO volts. If it supplies a current of 10 amps., the pressure 
would go down to 109 volts, at a current of 20 amps, to 107 volts, at 
30 amps, to 103 volts, and so on. By connecting all the ends of 
the vertical lines we get a curve, which shows the decrease of the 
voltage with increasing load. This curve is called the closed circuit 
characteristic. 

It is, of course, desirable in many cases to get a constant dynamo 
voltage at a varying load. If, for instance, a dynamo supplies 
current for a lighting plant, it would be very objectionable, if the 
voltage fell from 110 to 103 volts, as we switched on more lamps. 
To bring the voltage back to its normal value of 110 volts, it is 
therefore necessary to increase the number of ampere-turns, so that, 
for instance, instead of 4000 ampere-turns, 4200, 4500, 5000, and 
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so on, ampere-turns may be produced. This can be eflfected by 
means of a regulating resistance. To understand the action of 
a regulating resistance, let ns consider the following example. 
Assume a dynamo, giving a voltage of 110, which requires for 
excitation at no load 4000 ampere-turns. The magnet coUs consist 
of 2000 windings, having a resistance of 50ai. Hence, if we connect 
these magnet coils with a voltage of 100, the current would be 
2 amps., and the number of ampere-turns 2000 x 2 = 4000, i.c, just 
what we want. But let ns now connect the magnet coils with 
110 volts; then the magnet current would be 2*2 amps., and the 
number of ampere-turns 2 2 x 2000 = 4400. As we have previously 
learned, an additional number of ampere-turns increases the voltage, 
so that in our case the pressure 
would rise to, say, about 117 volts. 
To get only a voltage of 110, we 
have to connect a resistance of 5a> 
in series with the coils. Then the 
current becomes again 2 amps., and 
the number of ampere-turns 4000. 
But if we now load the dynamo, its 
voltage will come down to, say, 
about 109 volts. By increasing the 
number of ampere-turns, or, what 
is the same, by increasing the mag- 
netizing current, we can increase the 
voltage. Thus we have to do 
nothmg but switch out a part of the 
resistance connected in series with 
the coils. This is efiTected by 
approaching the lever of the adjust- 
able resistance to its position of 
short circuit. The greater the load 
of the dynamo, the larger has to be 
the magnetizing current, the more 
resistance we have therefore to cut 
out of the circuit 

Fig. 80 serves as an illustration 
for a regulating resistance. The 

connection with the coil and the circuit is' made as follows: — The 
centre-point of the lever K is connected with one pole of the 
battery, and the last contact on the left with one end of the coil. 
The other end of the coil is connected directly with the second 
battery pole. If the lever of the regulating resistance is over the last 
contact on the left marked 0, the current can go from the battery to 
the magnet coil directly, without flowing through the resistance spirals. 




Fio. 80.— Begulating Bcsistance. 
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We say, then, that the resistance is short-circuited. The further wo 
move the lever to the right, the more resistance spirals the current 
has to flow through. 




Fig. 81.— Enclosed Begnlating Besistanoe. (Berend A Co.) 

Fig. 81 shows a regulating resistance covered with stamped sheet 
iron. 



Self-excitation— Shunt Dynamo 

As mentioned before, it is not necessary to use current from an 
external current generator for exciting a dynamo. It would be the 
simplest way to use the voltage of the dynamo armature, which was, 
for instance, 110 volts in the last example, for feeding the magnet 
coils, which had to be excited with 100 volts at no load, and with a 
somewhat higher voltage at full load. It is clear that, if the machine 
is brought to its full voltage, the magnet coils may be connected 
without any further difficulty with the armature, so that the machine 
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is able to work properly. The only question arising is now : How 
is it possible to bring the machine up to its voltage without the use 
of an external current generator ? 

For this purpose, that property of the iron which we know as 
residual magnetism is of great advantage. Iron which has once been 
magnetized always retains some traces of magnetism. It follows, 
therefore, that across the field of a non-excited dynamo a certain, 
although it may be a very small, number of lines of force pass. If in 
this very weak magnetic field an armature is turned, a very small 
E M.F. is induced, and since the magnet coils are connected with the 
armature, the small E.M.F. will send a defined, but small current 
through the magnet coils. We hence get a few magnetizing ampere- 
turns, which strengthen the residual magnetism. 
The strengthened field now induces a larger E.M.F., 
the latter again causing a stronger magnetizing 
current, which produces a stronger magnetism, so 
that, in this way, the machine, in a short time and 
without an outer source of current, is brought to its 
full voltage. 

It is, of course, necessary to connect the magnet 
coils properly with the armature, that is to say, in 
such a way, that the current produced by the 
armature, and flowing through the coil, really 
strengthens the existent magnetism. If we con- 
nected the magnet coils with the armature in a 
wrong way, then the current, flowing in the wrong 
direction, would not strengthen the residual magne- 
tism, but destroy it, and the dynamo would give no 
voltage. 

Werner Siemens was the first to find this 
principle of self-excitation of dynaToos. 

Fig. 82 is a diagram of connections for a 
self-exciting dynamo. To one side of the brushes 
is connected the load (the small circles represent 
lamps, connected in parallel), on the other side 
are the magnet coils (marked by a zigzag line). 
There might have been connected also a resistance 
in series with the magnet coils, but this is not considered in the 
diagram. The two circuits which branch oflf the armature terminals 
are called, respectively, the main circuit and the shunt circuit. The 
magnet coil acts as a shunt to the main circuit. A machine, having 
connections as shown in Fig. 82, is called a shunt dynamo. 

How does such a shunt dynamo behave with various current 
intensities in the main circuit ? 

Suppose, first of all, that the main circuit ia disconnected. We 

Jigitized by CjOOQ IC 



/cy 




Fig. 82. — Shunt 
Djnnmo Con- 
neotions. 
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now have the circuit closed through the armature and the coils, and 
the machine therefore comes to a defined voltage —say, about 110 volts. 
Let us now switch on, in the main circuit, a number of lamps, so that 
the dynamo has to supply a current of 10 amps. As a consequence, 
the terminal voltage of the dynamo will fall, due to the ohmic resistance 
and the armature reaction, to, say, 109 volts. But, at this moment, the 
magnet coils are now no longer connected with 110, but only with 109 
volts. The magnetizing current, and hence the excitation, m ill therefore 
become smaller, and the dynamo voltage will further fall. At a load 
of 20 amps, we had, with the separately excited machine (page 76), a 
voltage of 107 ; whereas the voltage of a self-excited dynamo at the 
same load will be only about 105 volts, and at 30 amps, load — about 
100 volts (against 103 with the separately excited dynamo). Thus the 
self-excited dynamo shows the property of the separately excited 
machine — the falling of the voltage with increasing load — ^in a far 
higher degree. Naturally, we may use here the same auxiliary 
means — a regulating resistance — for keeping the voltage constant, as 
before. 

The magnet coils of a 110-volt dynamo are, for instance, wound 
generally so as to get, at no load, a sufficient excitation for producing 
in the armature a voltage of 110, even if the voltage, measured at the 
magnet coil terminals, be 90 volts only. The remaining 20 volts are 
then absorbed by the shunt regulator. At an increased load, the 
resistance switched into the shunt circuit has to be diminished. The 
more the load increases, the more resistance of the shunt regulator 
has to be short-circuited. 



Series Dynamo 

In the case of a shunt dynamo the magnet coils are excited with 
nearly the full armature voltage, but only a small part of the 
armature current flows through them. The greatest part of the 
current goes through the main circuit. There is, however, possible 
another method of connection of the armature with the magnet 
coils. As we know, we can get any desired magnetic effect with a coil, 
having but few windings, through which a strong current passes. 
Hence we may send the whole dynamo current through a coil 
consisting of a few windings of comparatively thick wire (see Fig. 
83). In this case the connections have to be as follows : One brush, 
say the right one, has to be connected with the main circuit directly. 
From the second brush no connection is made with the main circuit, 
but the current has first to flow through the magnet coil, and then 
enters the main circuit. The latter is again shown in the diagram 
as consisting of lamps. Thus in this case the full or main current 
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flows through the magnet windings, 
winding. 

As the armature, the magnet-coils and the main circuit are 
connected in series, this dynamo is called a series dynamo. I^t 
us now consider the behaviour of such a 
machine with various currents. 

If we disconnect the main circuit, then the 
whole circuit is disconnected, and no current 
whatever can flow, neither in the mains, nor 
in the armature nor the magnet coils. Not- 
withstanding, a very low E.M.F. is produced 
in the armature, originating in the residual 
magnetism. No strengthening of this E.M.F. 
can, however, take place. Thus the voltage 
of the machine is, with the main circuit open, a 
very low one, or, practically speaking, nothing 
at all. If we now close the main circuit, a 
current produced by the small E.M.F. flows 
through the magnet coils. As a consequence, 
a strengthening of the field follows, with an 
increase of the E.M.F., producing a greater cur- 
rent, and causing a further strengthening of the 
field as before. If the main resistance happens 
to be a large one, the current (in this case the 
main current as well as the magnetizing 
current) and the E.M.F. will be small only. 
But if we diminish the main resistance (we 
may do so, for instance, by connecting some 
more lamps in parallel with those which were 
already burning) the current flowing through the whole circuit is 
increased. Thus the machine will be more strongly magnetized, 
and hence produce a larger E.M.F. We thus learn that the E.M.F. 
of a series dynamo will grow with an increasing load, quite opposite 
to the case of the shunt dynamo. 

But this growing of the E.M.F. at increasing load has naturally 
an end. The strength of the magnetic field cannot increase con- 
tinually, but remains constant, after having reached a certain value. 
On the other hand, there is a voltage drop in the armature, which 
is greater the larger the armature current. After the machine has 
reached a certain voltage, it therefore follows that, since the strength 
of the magnetic field cannot further be increased, the growing voltage 
drop in the armature must cause the terminal voltage to fall when 
we put a greater load on the dynamo. 

As long as the load of a series dynamo is not too high, its 
terminal voltage grows with an increasing load: if now the load 




Fig. 83.— Series Dynamo 
Gonnections. 
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be further increased, the voltage remains constant for a certain 

period ; then if the load is increased once again, a fall of pressure 

must ensue. 

The diagram, Fig. 84, shows the characteristic curve for a series 

dynamo. 

For feeding a variable number of glow lamps connected in parallel 

a series dynamo cannot 
be employed, for the 
voltage of the dynamo 
would vary with the 
number of lamps burn- 
ing, and therefore the 
lamps would from time 
to time vary in candle- 
power. If the number 
of lamps burning can be 
kept constant, lighting 
with a series dynamo is 
possible, although this is 
seldom done. We may 
compare the difference 
in the behaviour of the 
shunt and series dynamos 
with the difference in the 
characters of two men. 
With one, his effort 
ceases if he has to do 
more work, whereas with 
the other a greater de- 
mand strengthens his 
resolve and his power up 

to a certain point, beyond which, if his task be increased, he also 

breaks down. 




Amperes 



50 



100 



t50 



200 



250 



Fio. 84. — Closed Circait Cbaraoteristic of Series 
Dynamo. 



Compound Dynamo 

Generally, it is required from a dynamo to supply constant 
voltage at varying loads. This may be effected, not only by a shunt 
dynamo having an adjustable shunt resistance, but also by a suitable 
winding of the magnet coils. For this purpose the dynamo is pro- 
vided, besides the shunt winding, with a series winding, which latter 
is wound either over or under the former. Care must be taken to 
wind both windings in such a way that they may act in the same 
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sense. If the dynamo does not supply current, 
has no effect at all. The shunt coil only has 
and this brings the machine up to a certain 
voltage— say 110, for instance. If the machine 
supplies current, its terminal voltage would 
fall, if there were only a shunt coil; but 
now, since the main current flows through the 
series coil, the number of ampere-turns is in- 
creased, and the magnetic field is strengthened. 
With a proper proportion of the number of 
the two windings, we can, up to a certain 
limit, get a constant or nearly constant voltage 
at varying loads. If, however, the current 
taken from the dynamo exceeds the limit 
allowed, then the voltage falls. The diagram 
of connections for such a machine is shown 
in Fig. 85. The shunt winding is indicated 
by a fiue, the series winding by a thick, zigzag 
line. A dynamo whose magnets are wound 
in the way described is called a compound 
dynamo. 

With a series coil, having a suflScient 
number of turns, we may also obtain the 
result that, at an increased current, the voltage 
too is increased, so that the voltage drop in 
the mains, which grows with a larger current, 
is compensated. In this way the pressure at a 
place distant from the dynamo may be kept 
constant. The dynamo in this case is said to 
be over-compounded. 



the series winding 
to be considered. 




Pig. 85.— Compound 
DyDamo Conneotions. 



Types of Dynamos 

The essential parts of a dynamo are the magnetic frame, the 
armature, and the commutator. The magnetic frame may assume 
very many different shapes. For the actual working of the machine 
only the field between the pole-shoes is of special importance. 
But, to get a strong magnetic action, the connection between the 
two. poles must be made of iron. The shape of this part of the 
magnetic circuit depends on the choice of the designer. 

The magnetic frame may, for instance, have the shape of a horse- 
shoe, with which we became acquainted in the previous chapter. The 
horseshoe may have the yoke upwards, so that the magnet stands in 
a manner on its poles (see Fig. 86). This type, which has been 
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employed by Edison, and is therefore called the Edison type, was very 

common some time ago, 
but is very seldom bmlt 
now - a - days. When 
horseshoe magnets are 
employed, they are 
generally built with 
the yoke downwards, 
so that the yoke may 
either be used as base, 
or may be cast together 
with the base-plate. 
This type (see Fig. 87) 
is called the Kapp type, 
after Kapp, who first 
employed it. Fig. 88 
shows a machine after 
the Kapp type, but 
somewhat with regard to the 




Fig. 86.— Ediaon Type. 



Fig. 87.— Kapp 
Type. 



the construction of which differs 
arrangements of the bearings. 

It is not necessary to employ two magnetizing coils 



The 




Fig. 88.— Kapp Type. 



magnetic flux may, of course, be obtained as well by one coil, having 
double the number of ampere- turns. Fig. 89^shows a machine which 
is also of the horseshoe type, but with the windings on one coil — on 
that placed on the yoke. In this case the pole-shoes are one above 
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the other, whereas they are arranged side by side in all the typos 
we have hitherto considered. * 

It is also not necessary to make the yoke between the two pole- 
shoes in one piece, but it may be divided into two parts. We have 




Fig. 89.— C Type. 






s "-' 



--'8 



Fig. 90.— Manchester Type. 



then a magnetic circuit, split into two branches, similarly to the 
branching of an electric circuit. 

Fig. 90 shows a scheme of such a dynamo. The upper pole is 
a north, the lower one a south pole. The lines of force go, then. 




Fig. 91.— Manchester Type. 



from the north pole, through the air gap and the armature core, 
downwards to the south pole, enter the yoke, and branch to the right 
and to the left. They go upwards through the two vertical columns 
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bearing the coils, and join again in the upper yoke. The coils have, 
^__ of course, to be wound so that both 

p tend to generate a flux of lines of 

force directed upwards. Thus the 
current must, seen from one side, 
flow in the same direction through 
the coils. The machine described 
here is called a Manchester machine. 
Fig. 91 is an illustration of a com- 
plete machine of this type. 

The magnet coils may also be ar- 
ranged in another way. Fig. 92 shows 
a type of machine called the Lahmeyer 
or semi-enclosed type. With this 
machine the coils are arranged over 
and underneath the pole-shoe, and 
the yoke, which is split into two 

Fig. 92.-Lahmever type. iBritish ^\V^^^y endoses the machine. 

Schubert Co.) Fig. 93 IS also built after this type. 





^■^--^^ 



Fig. 93. — Lalimeycr Type. {Mascltinenfdhrik Oerlikon.) 
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The Gramme machine (see Fig. 94) has another arrangement 
of the magnetic field, which was employed in the early days of 
dynamo building. Its magnetic field consists of a double magnetic 
circuit, like that of a Manchester or Lahmeyer machine. With the 
Gramme machine, however, each half is provided with two coils, one 
at the top and one at the bottom. 

There are, besides the types mentioned hitherto, a great number of 
different magnet shapes, but which are very seldom used. The most 
usual 2-pole machines are those after the Lahmeyer and the Kapp type. 




Fio. 9 i.— Gramme Dyuamo. 

As material for the construction of field magnets, formerly wrought 
iron was in general use, because this can be magnetized more 
strongly than other kinds of iron. Cast iron has a far lower magnetic 
conductivity, not much more than half that of wrought iron. Hence 
if we employ cast iron we have to make the cross-sectional areas of 
the limbs and the yoke twice as big as with wrought iron, in order to 
get the same number of lines of force. As, however, in spite of 
the double cross- sectional areas, the cast-iron machines can be more 
cheaply manufactured than the wrought-iron ones, the use of the 
latter material has been abandoned. 
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Lately, steel makers have succeeded in manufacturing by a process 
of casting a material similar to wrought iron. This is generally 
called cast steel. It is of quite another quality to the hard steel, 
such as is used for tools and permanent magnets. The magnetic 
properties of cast steel are very similar to those of wrought iron. 
Hence, in making the magnet frame from cast steel, we can make 
the cross-sectional areas as small as with wrought iron; that is, 
equal to about one-half of the cross-sectional areas of a cast-iron 
frame. On the other hand, cast steel is more expensive than cast 
iron. Hence none of these materials has come into exclusive use. 
In some cases magnetic frames are made of cast steel, in other cases 
cast iron is employed with advantage. 



Output of a Dynamo 

The strength of current which can be taken from a dynamo is 
limited chiefly by the heating of the armature wires. From an 
armature wound, for instance, with wire of No. 18 S.W.G. we cannot, 
of course, take a current* of 30 amps, for a long time. As the 
armature has two parallel circuits, through each of them a current 
of 15 amps, would flow, which would obviously heat this wire far too 
much. 

We must, however, not think that the table given at the end of 
the first chapter is a standard for the maximum current allowable in 
armature wires. For, firstly, the heating allowable for armature 
conductors is a far higher one than it is with main conductors ; and, 
secondly, due to the quick rotation of the armature, the conductors 
are cooled continuously by a draught of air. Thus the current 
density used for armature wires varies between 650 and 4500 amps, 
per squeure inch, and even more with very small machines. There is 
no general rule with regard to current densities of armature wires, 
for according to the special designs of armatures the draught of air 
produced by them may be stronger or weaker. With regard to 
the heating of a dynamo, a rise of the dynamo-temperature of 70° 
to 90° Fahr. over that of the surrounding air is generally considered 
allowable. 

Still, with any given type of dynamo, the maximum current allow- 
able is determined by the thickness of the armature wires. Now, the 
output of a dynamo is determined by the product of the number of 
amperes by the number of volts. Hence we have to examine by 
what factors the voltage of a dynamo is determined. 

We know that the voltage is greater, the greater the number 
of armature wires, the stronger the magnetic field or the number 
of lines of force leaving the pole, and the quicker the conductors are 
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moved. Now, the number of armature wires cannot be indefinitely 
increased. On a given smooth armature, having a certain distance 
from the pole-shoes, a limited number of wires only can be fixed. 
Similarly, into the slots of a toothed armature a certain number of 
wires only can be put. If, however, we employ a thicker wire in 
order to get a stronger current from the armature, we can, on the 
given space for winding, fix a smaller number of wires only ; that is, 
with given armature dimensions we can wind the latter either for a 
smaller current and a larger voltage, or for a larger current and 
a smaller voltage. Hence we may, for instance, wind an armatm-e 
so as to get from it either 10 amps, at a voltage of 110, or about 20 
amps, at a voltage of 55. Thus the output of the armature remains 
about the same in both cases, provided that the other determinative 
factors are not altered. 

These determinative factors are the number of lines of force, and 
the number of revolutions of the machine. The number of lines 
of force is greater the larger is the cross-sectional area of the 
magnetic frame, and the more it is saturated. As a rule, the satura- 
tion is never pushed to its limit, as in this case an extremely large 
number of magnetizing ampere-turns, and thus very big magnet coils, 
would be required. Generally the iron is magnetized up to three - 
queurters of its limit of saturation. Hence, if a field of a threefold 
strength is required, and we cannot further substantially increase the 
saturation, it will be essential to enlarge the cross-sectional area of 
the magnet limbs about threefold, thus making the machine bigger 
and heavier. 

Naturally the number of revolutions of a machine is chosen as 
great as possible. With smaller dynamos, up to an output of about 
3000 watts, a speed of about 2000 revolutions per minute is generally 
employed. If a machine be run at 1000 revolutions instead of 2000, 
we get half the voltage, and hence only half the output. 



Multipolar Dynamos 

Large machines cannot be built for very high speeds, more 
especially if they have to be coupled directly to steam or gas 
engines. In the latter cases, their speed must not exceed 200 to 300 
revolutions, and in a few cases only it may come to 400 to 500 
revolutions per minute. With dynamos built in the way we 
have already described, the cross-sectional areas of the magnetic 
frame would have to be made very large, and the whole machine 
would become too bulky and expensive, when low speeds are 
required. 
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We may, however, design a machine from another point of view. 
Suppose we let every conductor at each revolution pass, not two only, 

but a row of several poles. Then we get, 
in spite of the lower speed, as large a 
number of alternations as with a high- 
speed machine, and the poles may then 
have a far smaller cross-sectional area. 
Fig. 95 shows, for instance, a 4-pole 
magnetic frame. The magnet coils are 
wound so as to produce north and south 
poles alternately. In our example the 
upper pole would, for instance, be a north 
pole, the one to the right a south pole, the 
lower one a north, and the one to the left 
again a south pole. Hence the lines of 
force leave the uppermost pole, and enter 
the armature. Half of the lines go through 
the armature to the right, enter from there the south pole to the 
light, and come back again through the upper right part of the yoke 
to the upper north pole. The other half of the lines pass the 




Fig. 95.--Four-Pole Mag- 
netic Circait. 




Fio. 96.— Four- Pole Dynamo. 
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upper left quarter of the armature core, enter the left south 
pole, and then come back through the left upper quarter of the 
yoke to the upper north pole. In exactly the same way, we can 
follow the course of the lines of force of all the single poles. 
The yoke may be circular, or of polygon shape. Fig. 96 shows 
a complete 4-pole machine. This type is generally used for 
machines having an output of about 10 to 50 kilowatts ; but these 
limits are by no means always followed, and dynamos for a far smaller 
output than 10 kilowatts, and sometimes for a higher output than 
50 kilowatts, are made with four poles. But, as a rule, for machines 




Fig. 96a.— Six-Pole Dynamo. (British SchuckeH Co.) 



having a large output, 6-, 8-, and more, pole magnetic frames are 
employed. Fig. 96a shows a 6-pole dynamo for an output of 
about 100 kilowatts; Fig. 97 the 18-pole magnetic frame of a 
dynamo, designed for dii^ect coupling to a slow-speed steam-engine 
and for an output of 400 kilowatts. 

It is not absolutely necessary that with multipolar machines 
every pole be provided with a magnetizing coil. In some cases there 
is a magnet coil over every second pole only. Fig. 99 shows a 
4-pole dynamo, having only two poles provided with magnet coils. 
At a superficial glance, one might consider it to be a 2-pole machine. 
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The essential difference, however, between such a machine and a 




Fig. 97.— Eightcon-Polo Magnet Frame. (Kdrting Bros.) 



2-poIe one is, that with the 
latter the opposite poles are 
difTerent ones, for instance, a 
north pole on the right and a 
south pole on the left, whereas, 
with tbe 4-pole machine the 
opposite poles are alike, say, 
for instance, two north poles. 
If we follow the path of the 
Fig. 98.-TwoCoUFour.Pole Dynamo. Imes of force (see Fig. 98), 

we find that they leave the 
right north pole, and, after having passed the armature, one-half 
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of them enter the upper, and the other half the lower of the poles, 
having no coils. In a like manner, one-half of the lines, leaving 
the left north pole, enter the upper, the other half the lower one 
of the unwound south poles. Thus as many lines enter each of 
the unwound poles as leave each of the wound north poles. The 
strength of the unwound south poles is, therefore, as great as that 
of the wound north poles. The former are called consequent poles. 
There is naturally no saving of wire as we have one coil only for 




Fio. 99.— Four-Polo Dynamo with two Coils. 

each magnetic circuit against two with the usual pole arrangement, 
and therefore each of the two coils has to have twice as many 
ampere-turns as each of the usual four coils. 

In a like manner we could wind a 6-pole machine with three 
coils, and an 8-pole machine, with four coils. This construction 
is, however, very seldom employed. 



Armatures of Multipolar Dynamos 

The armatures of multipolar machines may be wound as ring or 
drum armatures, like those of 2-pole machines. The ring armature 
may even be used in quite an unchanged form for multipolar 
machines. The machine has then to be provided with as many 
brush-holder pins as there are poles. In Fig, 100 a 4-pole ring armature 

Jigitized by CjOOQ IC 



94 



ELECTRICAL ENGINEERING 



is shown. If we imagine it rotating clockwise, then iu the outer con- 
ductors, being under the influence of the north pole, currents are 
induced which are directed from the spectator, whereas, in the wires, 
being under the influence of the south pole, currents directed towards 
the spectator are induced, which are mai-ked in the diagram by crosses 
and dots respectively. As we see now, the currents induced in the 
upper quarter of the armature are directed towards the left upper 
brush, thus making this a positive one, whereas the right upper 




Fig. lOO.—Four-Pole ParaUel King Annaturo. 



brush becomes a negative one. The currents of the right quarter 
flow from the right upper brush towards the right lower one. 
Hence the latter, too, is a positive brush. The currents of the 
lower quarter flow from the left lower brush towards the right 
lower one. Finally, the currents of the left quarter flow from the 
left lower brush towards the left upper one. Hence every two 
opposite brushes are of the same polarity. If we now connect two 
opposite, corresponding brushes with each other, by a metal bridge, 
such as, for instance, a bent copper strip, then we may connect the 
mains with any point of the two bridges (see Fig. 101). The E.M.F. 
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Fig. 101.— Brush Arrangement of 4-Pole 
Parallel Armature. 



of the armature is produced here from one-fourth of the windings 
being in series, and connecting these four quarters in parallel. Hence 
the main current is four 
times as great as the current 
flowing in each armature 
conductor. Such a winding 
is called a parallel winding. 
It is very suitable for com- 
paratively low voltages and 
large currents, for we may 
even with large currents 
employ relatively thin wires, 
since each of the conductors 
has to carry the fourth part 
of the main current only, 
and not the half of it, as was 
the case with the 2 - pole 
armature. For a 6-, 8-, 10- 
pole machine, 6, 8, 10 brush- 
holders are required, the cur- 
rent flowing in every arma- 
ture conductor being equal 
to the 6th, 8th, 10th part of 

the main current respectively. The E.M.F. of the armature is 
produced by connecting in series the 6th, 8th, 10th part of all 
conductors. 

For higher voltages, however, this winding would require, for 
the reason just mentioned, a large number of windings. In these 
cases it is preferred to wind the armature so as to get, similarly 
to the 2-pole armature, but two parallel connected halves. The 
E.M.F. is then produced by connecting in series the half of all 
windings. For this purpose it ia necessary to connect the single 
sections of the winding not directly with their neighbouring ones, 
but, by means of copper bridges, with the opposite sections, which 
are always under the influence of a like pole. A diagram of the 
connections is given in Fig. 102. The armature winding, shown 
in this diagram, consists of fifteen sections. Following the path of 
the current, we find that it branches, after leaving the right (negative 
brush), one part flowing through seven, the other one through eight 
sections, the electro-motive forces of which are added. The two 
current branches join again at the second (positive) brush. For this 
winding two brushes only are required, which are distant from each 
other, not the half, but the fourth port of the commutator circum- 
ference. This is called serioB winding. 

If a drtmi winding is used for multipolar dynamos, its pitch has 
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naturally not to be equal to about the half of the total numbei 
of armature wires, but has in the case of a 4-pole machine to be 
equal to about one-fourth, with a 6-pole machine to about one-sixth 
of the total number of wires. Then a proper series connection of the 
electromotive forces of the single wires will be secured. By the 
selection of corresponding pitches, we may, as with the ring armature, 
get either a series or a parallel connection of the armature. In Fig. 
103 — in which the front connections are mai-ked by double bent lines 
inside, and the back connections by single bent lines outside the 




Fi'i. 102. — Four-Pole Series Ring Armataro. 

armature — ^the diagram of connections of a 4-pole armature, having 
26 wires, is given. The pitch is 7 forwards and 5 backwards, and so 
that, at the front, wire 1 is connected with wire 8, and then, going 
backwards, wire 8 is connected with wire 3 at the back, at the front 
3 with 10, at the back 10 with 5, and so on. In addition to being 
denoted as parallel winding, this is also called loop winding. On 
marking the brushes at 4 points, \ of the commutator circumference 
distant from each other, we find that there are four parallel circuits, 
which consist of nearly equal numbers of series-connected wires that 
are efifective in producing voltage. 
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Next let us consider the diagram shown in Fig. 104. With 
this winding we do not go backwards in making the connections 
at the back, but always proceed in one direction. Thus at the front, 
wire 1 is connected with 8, at the back 8 with 13, at the front 13 
with 20, at the back 20 with 25, and so on. In following the course 
of the current we find, starting from the positive brush (there are 
two collecting places only required with this winding), that there are 
two ways to reach the negative brush. Each of these ways comprises 




Fig. 103. — Fonr-Pole Drum ParaUel Armature. 

lalf of all the armatnre windings; we have therefore two circuits 
connected in parallel. This is called series or wave winding Instead 
)f two, we may employ four brush-holder pins. In this case, two 
)pposite ones are of the same polarity, and there is between them 
3ut one winding, consisting of neutral wires. This winding is short- 
circuited by the two brushes ; but that is of no disadvantage. 

It is, of course, impossible to deal here with all the winding 
combinations which can be made by employing various pitches for 

H 
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multipolar machines. The few most important types of windings 
which have been described above will suffice. 

The arrangements of the winding on a drum armature may vary in 
very many ways. With small armatures the connecting wires at both 
armature ends may be wound one upon another, in a manner forming 
a ball. Generally, however, the wires are arranged regularly, side by 
side. This type of winding is used in nearly all cases in which, on 
account of the large cross-sectional area, copper bars instead of wires 




Fig. 104.— Four-Pole Drnm Series Armatare. 



are employed. Frequently the connections between the single con- 
ductors are made by V-shaped copper strips, which are joined together 
with the conductors. Figs. 105 and 106 show a type of winding 
which is suitable for armatures, having thinner wires. The latter 
are bent over wooden formers, and then placed in position on the 
armature. These are called former wound. 

From a glance at the figures, it may be seen that the pitch is in Figs. 
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105 and lOG smaller than one-half of the circumference of the respec- 
tive armatures, and the latter therefore belong to multipolar machines. 




Fig. 105. — Formor-wound Armatnre in oonrae of oonstructioD. 



Sparking and Displacement of Brushes 

If the brushes on the commutator of a dynamo do not occupy 
their proper position, we may observe a sparking or flashing at the 
brushes. Sparking makes the commutator rough, and spoils the 
latter as well as the brushes. By carefully displacing the brush- 
rocker, we may easily find out a position for the brushes where the 
sparking ceases. If now, after stopping the machine, we examine 
to which armature wires those commutator bars are connected which 
are under the properly adjusted brushes, we find that these are 
situated in the neutral zone, i.e. in the space between the two poles. 
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They are not exactly ia the middle of the neutral zone, but generally 
displaced a little forwards in the direction of rotation. 

We are aware, that when a circuit is broken, sparking occurs. 
Let us consider any winding of the 2-pole ring armature (Fig. 107), 
then we find tliat through this winding, as long as it is on the right 




Fig. 106. — Former- wound Armature. 



side of the armature, a current is flowing in a certain direction 
(marked by a dot). If then, on the rotation of the armature, the 
winding we are discussing passes the lower brush, the direction of 
the current is altered, for the current is flowing in the sense of the 
cross in the left side of the armature. The brush is always wide 
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enough to touch two commutator bars simultaneously; hence the 
winding remains short-circuited as long as the brush touches at one 
time the two bars with which the ends of the windings are connected. 
During this brief period the winding belongs neither to the left- nor 
to the right-hand armature circuit. But the current in the short- 
circuited winding does not stop suddenly. A car which is unlinked 
from a running train does not stop suddenly, but follows a certain 
distance. Similarly, in the short-circuited winding the current flows 
for a certain, although it may be a very short, time in the same 
direction as before, and then decreases gradually to nothing. If 
during this period the armature be moved so much that the two bars 
connected with the ends of the winding are no longer covered by the 
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brush, the current is interrupted, and there will suddenly flow through 
the winding a cuiTent in the opposite direction, i.e. in that of the 
current flowing in the wires on the left armature half, so that sparking 
would appear. To prevent this, the current must be brought down to 
nothing whilst the winding is still short-circuited ; and immediately 
afterwards, but yet whilst the winding is short-circuited, a current 
must be induced in the latter which is in the same direction as the 
current which will flow through the winding during its movement on 
the left side. Then there is no sudden change of the current direction, 
and thus no reason for sparking. We may bring this about by moving 
the brushes from the middle of the neutral zone a little forwards in 



102 ELECTRICAL ENGINEERING 

the direction of the annature rotation. In this case the influence 
of the forward pole induces in the short-circuited winding a small 
E.M.F., but which is just sufficient to destroy the current in the coil. 

If the armature current of a given machine is but small, then 
we have to displace the brushes a very little from the middle 
of the neutral zone forwards. If, however, the armature current 
is a large one, for its sparkless collection a greater influence of the 
forward pole, and hence a further displacement of the brushes, is 
required. As a rule, we may note that, with an increasing load on 
a dynamo the brush-rocker is to be moved forwards in the direction 
of rotation, and with a decreasing load the rocker is to be moved 
backwards. 

In many cases it is of great advantage to employ carbon, instead 
of copper, as the material for dynamo-brushes. Since the resistance 
of carbon is comparatively high, the coils of the armature are not 
directly short-circuited whilst the bars, connected with the ends of 
the coil, are simultaneously in contact with the brush. Thus, with 
a wrong position of the brushes, the current produced in the short- 
circuited winding cannot become so large as with copper brushes, 
and therefore the " commutation " is a more gradual one with carbon 
than with copper brushes. Hence it is no disadvantage with carbon 
brushes if they are rather wide, and touch more than two bars at one 
time. Several of the machines shown in the illustrations are provided 
with carbon brushes. Some types of carbon and other brush-holders 
are shown in Figs. 108-110. 

Carbon brushes cannot, however, be employed in all cases. To 





Fig. 108.— Carbon Fig. 109.— Carbon Brush-Holder. 

Brush-Holder. 

prevent the brushes from getting too hot, their number and contact- 
surface have generally to be larger than with copper brushes ; and in 
many cases it is therefore impossible, with machines originally 
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designed for copper brushes, to afterwards furnish them with carbon 
brushes, because the commutator has usually not the width required 
for this purpose. Nowadays very many machines are provided from 
the first with carbon brushes, and these machines are generally less 
sensitive with regard to changes of load than machines furnished with 





Fig. 110.— Copper Gauze BruBh-Holder. Fig. 111.— Brush-Holder with 

Metal and Carbon Brushes. 

copper brushes. Sometimes a combination of carbon and copper 
brushes is employed (Fig. 111). 

There are many modern machines not requiring a displacement 
of brushes at all, and which, nevertheless, run at all loads practically 
without sparking. The brush-rocker in this case must not be moved, 
if once adjusted properly. Such machines are said to have a fixed 
lead. 



Methods for changing Direction of Rotation 

We have learned, in the chapter about self-excitation, that we 
must connect the magnet coils with the armature brushes in a par- 
ticular way, so that the armature may send a current through the 
magnet coils in such a direction as to strengthen the magnetism. 

Let us imagine a machine excited separately (see Fig. 112). By 
connecting the upper end, III., of the magnet coil with the positive, 
and the lower end, IV., with the negative pole of the outer source of 
current, the latter may flow through the coil in the direction shown in 
the diagram. If now we turn the armature towards the right, then 
brush T. may, for instance, become a positive, and brush II. a negative 
one. (Whether that is really the case or not, does not depend on the 
direction of rotation only, but also on the direction of winding of the 
armature coils.) In altering the connections of the machine for 
self-excitation, we have, naturally, to connect magnet terminal III., 

^. ^.„„, ^oogle 
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which was previously connected with the positive battery pole, now 
with the positive armature brush I. ; and terminal IV., in connection 




Fio. 112. — Separately excited 
Macbino— Clockwise rotation. 




Fig. 113.— Shunt Dynamo— Clockwiae rotation. 



with the negative battery pole before, with the negative armature 
brush 11., now. If, in addition, we use the necessary regulating 
resistance, we get the scheme of Fig. 11 3, 

Now let us reverse the direction of the armature rotation. 




Fio. 1 14.— Separately ex- 
cited Dynamo — Couiitor- 
clockwiee rotation. 




Fio. 115.— Shunt Dynnmo— Counter-clockwiso 
rotation. 



Then brush I., which was positive before, becomes now negative. 
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and brush II. becomes positive (Fig. 114). If, now, we connect 
terminal III. with I., and IV, with II., as before, then the machine 





Fig. 116.— Series Dynamo — 
Clockwise rotation. 



Fia. 1 17. — Series Dynamo — Goontor- 
clockwtse rotation. 



loses its magnetism immediately, for the current in the magnets 
flows in the opposite direction. Hence, if we want the 



^/O^ 





Fig. 118.~€knnpound Dynamo- 
Clockwise rotation. 



^+ 




Fig. 119.— Compound Dynamo — 
Counter-clockwise rotation. 



machine to excite itself, we have to connect terminal III. of 
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the magnets with brush IL, and terminal IV, with brush I. (see 
Fig. 115). 

As with shunt machines, so also with series machines, the con- 
nections must be altered for different directions of rotation of the 
armature. This will be readily understood without further explana- 
tion. The diagrams of connection for running a series dynamo 
clockwise and counter-clockwise respectively are shown in Figs. 
IIG and 117. 

With compound machines, both the shunt and the series coil 
connections have to be altered. Figs. 118 and 119 show the 
respective schemes. 

Although the left-hand brush is positive in the examples given in 
Figs. 112-119, it must not be supposed that, with a clockwise 
rotation, this is always the case. 



Causes of the Non-excitation of Dynamos 

The cause of a dynamo not exciting itself may very often be 
found in a wrong connection, i.e. in one for the opposite direction 
of rotation. In this case, the magnet terminals have to be changed, 
as shown in the previous paragraphs. 

With some types of dynamos, more especially with multipolar 
machines, we may, instead of changing the magnet connections, get 
the same effect by moving the brush-rocker. With 4-pole 
machines we have to remove the brush-rocker one-fourth, with 6- 
pole machines one-sixth of the circumference. With 2-pole 
machines this displacement of the brushes is not usual, as in this case 
it would be equal to one-half of the circumference. Imagining the 
brush-rocker in Fig. 112 removed one half turn, so that brush I., 
which was before in the neutral zone to the left, comes now in the 
neutral zone to the right (provided that the cables, forming the 
connections between the terminals and the brush-holders, are of 
sufficient length to allow this turning), it is clear that we get exactly 
the same effect by displacing the brush-rocker as by changing the 
magnet connections as in Fig. 114. 

There may also be other reasons for a machine failing to excite. 
In some cases the speed of the dynamo may, for instance, be too 
small. To be clear about this, let us consider the following case. 
Suppose that the magnets of a given dynamo had to be excited sq?a- 
rateli/ with 90 volts, in order to get, at the normal speed, an armature 
voltage of 110. (As we know in the case of self-excitation, the 
remaining 20 volts would be consumed by the shunt regulating 
resistance.) If this machine be run, not with its full speed, but 
only with two-thirds of it, the armature voltage would te equal to 
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two-thirds of 110, or about 73 volts. If, oow, we switched over the 
machine, from separate to self-excitation, after a very short time the 
machine would lose its voltage ; for, since the armature voltage is 
smaller than that required for the proper excitation of the magnets, 
the strength of magnetism will soon be decreased, and the armature 
voltage will become still smaller, the smaller voltage will again cause 
a weakening of the magnetism, and so on. 

Exactly the same may happen at the proper speed of a dynamo, if 
too large a resistance is connected in series with the shunt coils. Thus, 
on starting a dynamo, the regulating resistance is short- or nearly 
short-circuited, and, after observing that the machine has started 
exciting itself, the resistance is gradually switched in. 

Sometimes the resistance may also be increased by a bad contact 
between brushes and commutator. This may especially happen with 
carbon brushes, if they are not made to fit exactly the curved 
surface of the commutator, thus making contact with the commutator 
at a few points only. In this case, the contact resistance may be a 
very considerable one. But this may easily be remedied by grinding 
the carbon brushes so as to make them fit the surface of the com- 
mutator, and polishing the latter a little with emery. 

Non-excitation of a dynamo may further happen, if the brushes 
are not in the neutral zone. If an armature is rotating, it is not 
always possible to find out the neutral zone of its commutator, for, 
very often, and especially with drum armatures, the armature wires 
are not led straight to the commutator, but the connecting wires are 
displaced by a certain part of the circumference^say, for instance, ^, J, 
and so on. To be convinced that we have the proper position of the 
brushes, we have, therefore, to examine with which commutator bar 
the wires in the neutral zone are connected. Non-excitation may 
also be accounted for by the loss of the residual magnetism. This 
may sometime^ happen, if the polarity of the machine has been 
changed by any accident. In such a case sufficient magnetism may 
be regained by sending a current from a galvanic battery through 
the magnet coUs. 

Finally, if there is any fault with the connections, or any 
disconnection, either in the magnet or in the armature coils, 
excitation will be prevented. There might, for instance, be con- 
sequent magnet coils connected so as to give poles of the same name 
side by side, instead of different poles alternating. By carefully 
following the beginnings and the ends of the coils, such a fault may 
easily be found out. If there is any source of current available, this 
test may easily be made by sending a current through the coils, and 
examining, by means of a magnetic needle, whether the neighbouring 
poles are or are not of the same polarity. 

Breaks in a circuit may sometimes be evident to the eye, but in 
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other cases can only be found out by the electric current. If we 
suppose a magnet coil to have a disconnection, then, by connecting 




Fig. 120. 



Ihc magnet terminals with the two ends of a source of current, 
no current will flow through this circuit (see Fig. 120). If now we 

connect one pole of a glow lamp, the 
terminals of which terminate in two 
long wires (see Fig. 121), with say the 
positive pole of the source of current, 
and touch with the other pole of the 
lamp the terminals of the magnet 
coils successively, we shall observe 
the following: On touching the mag- 
net terminal a, the lamp will glow, 
as there is a connection between 
terminal a and the second pole of 
the source of current. The same will 
be the case if we connect the terminals 
6, c, d, e, respectively, as they are all 
in connection with the negative pole. 
But if, further, we come to /, the 
lamp will no longer glow, showing that there is a disconnection 
between c and /. For / is not in connection with the positive, but 
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only with the negative pole, and, if we connect both terminals of a 
lamp with the same pole, it can, of course, not glow. 

A lamp of suitable voltage should be used for the test. When 
the voltage is high we can employ several lamps connected in series, 
instead of one lamp. 

With machines that are not too small, and with a suitable voltage 
of the outer source of current, a lamp serves as an excellent means 
for finding out disconnections of coils. Instead of a lamp, we can 
with greater certainty use a voltmeter. As long as the two ends of 
the voltmeter are on different sides of the point of disconnection, 
a deflection of the needle can be observed. The latter indicates the 
full voltage. But as soon as the point of disconnection is passed 
over, so that both terminals of the voltmeter are connected with one 
side of the point of disconnection only, the voltmeter needle stops 
at zero. 

The magneto used for insulation tests (p. 62) may also be 
employed for finding out the point of disconnection. 



Automatic Shunt Regulator 

A compound winding can keep constant the voltage of a dynamo, 
provided that the latter is running with a constant speed. As some- 
times the speed of the driving engine — such as, for instance, the 
steam-engine — varies according to the variation of the load, and, 
further, since the compound winding is not useful for all machines, 
automatic shunt regulators are employed whenever a constant 
pressure is required, without having a man always present to alter 
the shunt regulator as necessary. A simple construction for such 
an apparatus is shown in Fig. 122. The wire spirals, forming the 
i^gulating resistance, are arranged on an iron frame and supported 
by porcelain insulators in the usual way. The wires coming from 
the ends of the single spirals are not connected with the usual, 
circularly arranged contact pieces, but are fixed vertically side by 
side, and cut to different lengths. These wires dip into a movable 
glass vessel, filled with mercury, and fixed on the top of an iron core. 
The latter is suspended on one arm of a lever, and kept in balance 
by a weight fixed on the other arm of the lever. With its lower 
end the iron core dips into a fixed coil, consisting of very fine wire, 
the ends of which are switched on to the full dynamo voltage. If 
the dynamo pressure falls (for instance, through slower running of the 
dynamo), the current flowing through the coil decreases, the iron core 
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is therefore less attracted than before, and the counterweight is able 
to lift the iron core a little, so that the glass vessel, and with it the 
level of the mercury, is raised, touching some of the graduated wires, 
and the respective resistance coils are short-circuited by the mercury. 
Hence less resistance is now connected in series with the shunt, and 
the voltage of the machine can rise to its proper value. 

If, on the other hand, the voltage of the machine grows too great. 




Fig. 122.— Automatio Shunt Regulator. 



(Voigt <t naff net.) 



the current flowing through the coil will also become greater. The 
iron core will then be pulled down a little, and the vessel with 
the mercury is lowered, causing resistance to be again included in 
the shunt circuit, the shunt current therefore decreases, causing the 
dynamo voltage to be brought to its normal value. 

There are, besides the apparatus described, many other ingenious 
constructions of automatic shunt regulators, but which we cannot 
deal with here. 
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Efficiency of Dynamos 

With every kind of work we have also to do things that are 
useless, in order to get the intended efifect. For example, to convey 
people or goods, it is also necessary to convey the carriage which is 
employed for the conveyance. The work which has to be spent in 
conveying the carriage represents, in this case, in which the main 
purpose is the conveyance of the people and goods only, a loss of 
mechanical energy. A stove, only intended to warm the air of a room, 
also heats a great quantity of air which does not remain in the 
room, but escapes up the chimney, hence causing a loss. 

In like manner there are losses in the transformation of 
mechanical into electrical energy by means of a dynamo. These 
losses may be classified as follows ; — 

Firstly^ work spent for excitation of the magnets. 

Secondly y losses due to the resistance of the armature-winding. 

Thirdly, due to eddy currents and to the vaiying magnetism 
of the armature core. 

And Fourlhly, losses due to mechanical friction. 

The current, which has to be sent through the magnet coils of a 
dynamo, in order to excite the magnets, is not available in the outer 
circuit. If with a machine, giving 100 amps, at a voltage of 110, the 
shunt current were 3 amps., then the loss due to excitation would be 
equal to 330 watts, or 3 per cent, of the total dynamo output. 

A further loss depends on the ohmic resistance of the armature, 
including the resistance of the brushes and the connecting cables. 
If, in our example, this resistance were 002a/, then the voltage 
drop would be 02 x 100 r= 2 volts, and the loss 2 X 100 = 200 
watts — that is, nearly 2 per cent, of the total output. 

There are, further, as we know, eddy currents in the armature. 
By employing very thin iron discs, these eddy currents may be 
reduced to a very small value, so that the loss depending on them 
may be but 1 per cent., or even less. 

The continual reversal of the magnetism of the armature iron 
also involves a certain amount of work. As we know, the mole- 
cular magnets of the iron are not absolutely freely movable, but a 
kind of friction has to be overcome to turn the molecular magnets 
in the direction of the lines of force. For overcoming this resistance, 
however, a certain amount of work is required, which causes — like all 
other losses— a heating of the machine. This is generally called the 
hysteresis loss. 

Finally, there is to be considered the mechanical loss due to 
friction in the bearings of a dynamo. These losses are, however, 
not great, for dynamo bearings are generally very well oiled. 
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Again, the air offers a certain resistance to the rapid rotation of the 
armature, thus involving a further small loss. 

The total amount of all these losses is not considerable. 
With large dynamos it is equal to about 4 to 6 per cent., 
with dynamos of medium size 10 to 15 per cent., and with 
small ones up to 30 per cent, of the total output. Thus we get for 
mechanical power, supplied to the dynamo, and corresponding to 
100 watts, accoiding to the size and excellence of the machine, 9G, 
90, 85, 70 watts, respectively, or the eflftciency of the dynamo is 96, 
90, 85, 70 per cent. 

Perhaps no other machine, employed for transforming one kind of 
energy into another, is so efficient as a good dynamo. 
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CHAPTER IV 

TEE ELEGTBIC MOTOR 

If we send a current through the armature of a dynamo, whose 
magnetic field is excited, the armature will be put into motion. 
This will be at once expected from our study of the action of the 
Deprez ammeter. With the dynamo armature there will, however, 
take place not only a single movement, but a permanent rotation. 
Owing to the action of the commutator, the current flows through all 
wires on one-half of the armature, which are under the influence of the 
north pole, in one direction, and through all wires which are under 
the influence of the south pole, in the opposite direction ; hence, as 
long as a current from an outer source is sent through it, the arma- 
ture will rotate. The machine now absorbs electrical and supplies 
mechanical energy. In this case the machine is called an electric 
motor or an electro-motor, which we may speak of simply as a motor ; 
whereas a machine by producing current is called a -dynamo or a 
generator. 

The direction of rotation of the armature in Fig. 123 may easily 
be determined by Ampere's Eule. The armature wiU rotate counter- 
clockwise. 

The scheme of the motor armature (Fig. 123) is strictly in 
accordance with that of the dynamo armature (Fig. 64). In both 
cases the pole to the left is a north pole, and the current in the left 
half of the armature is directed from the spectator. We had to turn 
the dynamo armature towards the right, in order to get a current in 
the direction marked ; the motor armature will run towards the left, 
if a current having the same direction flows through it. 

We have seen, when considering the current direction in a 
dynamo armature, that in each armature conductor a current is 
produced which would turn the armature in an opposite direction, 
if there did not exist any other force. In this case the induced 
currents produce an internal force in opposition to the external 
driving force supplied to the armature. 

With the motor we find the same action, but with a remarkable 
difference. We know that in each wire, rotating in a magnetic field, 
an E.M.F. is induced. With the electric motor we have an armature, 
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which rotates in a strong magnetic field. Naturally it does not 
make any difference whether this rotation is effected by an electric 
current, or by an outside driving force. In each wire on rotation an 
E.M.F. is induced. To determine the direction of this E.M.F. we 
have simply to compare this scheme with that in Fig. 64, in 
which we had the same armature rotating towards the right. The 
direction of the induced E.M.F. was there marked by dots and 
crosses. The lower brush was positive, the upper one negative. 
But now the armature is rotating in the opposite direction, hence 
the direction of the current in the armature is reversed, the upper 
brush becoming positive, the lower one negative ; and we see, there- 




FiG. 123. — Motor Ring Armature. 

fore, that the E.M.F. produced by the rotation of the armature acts 
against the current sent from the source of current into the armature. 
The result is that the E.M.F. produced by the rotation would, if 
no other E.M.F. existed in the circuit, cause a current to flow in 
a direction which is opposite to that of the current sent into the 
armature by the outer source. The E.M,F. produced by the armature 
of a running electric motor is therefore called the back eleotro- 
motive force or counter-electromotive force of the motor. It causes 
the current flowing through the armature to be far smaller than 
we should calculate it to be by dividing the terminal voltage by 
the resistance of the armature. 
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If, for instance, we connected a stationary armature, having a 
resistance of j'ooto, suddenly with 110 volts, then, through the 
armature, according to Ohm's Law, a current of ^.J§ = 3666 amps, 
would flow. This excessive current would instantly destroy the 
armature, and melt both the brushes and the mains. If, however, 
we do not connect the armature immediately with its full voltage, 
but first interpose in series with it a resistance of about 5w, then 
a current of a little more than 20 amps, will flow through the 
armature and the resistance. The armature then starts to rotate, 
and produces by its rotation in the magnetic field a back electaro- 
motive force, which soon reduces the current to a smaller value. 
The series resistance may now be reduced. The motor will then run 
faster, its back electro-motive force will grow, and, if we gradually 
short-circuit the series resistance, the motor will reach its full sp^ed. 

A simple consideration will show us what this speed mu^ be. 
Obviously the motor will never run so fast as to produce a back 
E.M.F., equal to the E.M.F. of the source of current, since in this 
case no current would flow through the armature, and it would not 
exert rotary power. But a certain amount of power is required — 
although it may be quite small — for overcoming the friction in the 
bearings and the resistance due to the air. Thus the current can 
never become actually nothing, but must, for instance, with a motor 
which is designed for 100 amps., be at no load about 3 to 5 amps. 
If the outer E.M.F. or terminal voltage be 110, the back E.M.F. 
will not be quite 110 volts, but at no load nearly as much, viz. 
only some tenths of a volt less than 110. 

If now we load the motor, for instance by putting a brake on, 
or by making it drive a shaft by means of a belt, the small current 
going through the armature at no load cannot exert suflScient power 
to overcome the load. Thus the motor speed will decrease a little. 
But as soon as the motor is running a little slower, say with 990 
instead of 1000 revolutions, its back E.M.F. will decrease in the 
same proportion. The balance of the outer above the inner voltage is 
therefore greater, and the armature current can now grow to such an 
extent as to produce sufficient rotary power to counterbalance the 
load. The back E.M.F. will be in this case about 109 volts. If the 
load be doubled, the motor will run still slower, until its back E.M.F. 
falls to about 108 volts, the remaining difference of about 2 volts 
sending a current double in strength through the armature. If the 
load be removed, the motor will again run faster until its back E.M.F. 
becomes nearly 110 volts. 

"We may, then, conclude that an electric motor regulates in a 
perfect manner the absorption of electrical power according to the 
work to be done. With steam engines, turbines, etc., the steam or 
water supplied has to be regulated according to the load by means 
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of complicated governors. The electric motor, on the other hand, is 
self-governing. 

The larger the armature resistance of a motor, the greater 
must, for a definite load, be the difference between the terminal 
voltage and back E.M.F., in order to get the necessary current to flow 
through the armature, and the greater, therefore, must be the drop of 
speed. 

The Shunt Motor 

In the above reasoning we have presumed that the magnetic field 
of the motor is of constant strength. This may be effected by con- 
necting the magnet coils directly to the outer source of pressure. To 
the current two ways are then offered; one through the armature, 
and the other through the magnet coils. The latter are in shunt with 
the armature. This motor is called a shunt motor. About the 
working of such a motor we have spoken already. "With regard to 
the speed of a shunt motor, we have just learned that the speed 
decreases with increasing load. This fall of speed is, at a constant 
voltage, small. It varies according to the type of motor, being 
from A to 5 per cent., unless the motors are small, when the variation 
may be much greater. Practically speaking, the speed of a com- 
mercial shunt motor may be considered as nearly constant with 
varying loads. 

It is most important to learn how a shunt motor should be started. 
To get a proper start, the magnetic field has to be fully excited. 

It is, therefore, necessary to switch 
the magnet coils immediately on to 
the voltage of supply, whereas, as 
we have seen, with the armature a 
resistance must be connected in 
series at starting. To get both 
connections simultaneously, starters 
for shunt motors are constructed 
as shown diagramatically in Fig. 
124. The centre of the starting 
lever is connected with one main. 
The lever slides over a row of 
contacts, (wliich are connected with 
the ends of the resistance spirals,) 
and a slip-ring. The latter is con- 
nected with one end of the magnet 
winding, the last of the contact-pieces (on the left) with one 
armature brush. The other brush and the other end of the magnet 
winding are both connected with the second main. 




Fig. 124.— Shunt Motor with 
BtartiDg Resistance. 
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As long as the lever is in its extreme position to the right the 
motor is at rest. Neither the slip-ring nor the contact-pieces, which 
are in contact with the resistance spirals, are touched by the lever, so 
that the motor is in connection with one (the negative) main only, 
and, naturally, no current flows through it. In moving the lever a 
little towards the left, it makes contact both with the slip-ring and 
the first resistance contact. As the slip-ring is connected with one 
shunt terminal, the magnet winding is immediately switched on the 
full voltage, and the full magnetizing current flows. If, for instance, 
the resistance of the shunt winding were 55w, then, at a voltage of 
110, the shunt current would be 2 amps. Although the magnets in 
this arrangement are fully excited, the armature is still in series with 
the whole of the starting resistance, which may be about 5w. Through 
the armature a current of about 20 amps, therefore flows. It will 
start to rotate, and gradually the lever is moved to its extreme 
position to the left, when finally the armature is switched on to the 
full voltage of 110. During the whole time of starting the motor, 
the magnets are fully excited. 



Speed Regulation 

The speed of a motor depends on the voltage of supply and the 
strength of its magnetic field. As we have learned, the motor always 
attempts to rotate so fast as to produce a back E.M.F. nearly equal 
to the terminal voltage. Hence, by doubling the latter, the motor 
will run with nearly double the speed. By decreasing the terminal 
voltage, we decrease the speed of the motor. 

A reduction of speed may therefore be effected by switching per- 
manently a resistance in series with the motor, since, in this case, the 
armature voltage will no longer be equal to the voltage of the outer 
circuit. The series resistance will consume a definite part of the 
voltage. If, for instance, the motor speed were 1000 revolutions at a 
voltage of 110, then, if we switch a resistance of Iw in scries with 
the armature, the terminal voltage, and with that the speed of the 
motor, will vary according to the load, or — what amounts to the 
same thing — according to the current strength required for over- 
coming this load. If the armature current were 11 amps., in the 
series resistance of Iw a voltage of 11, i.e. the. tenth part of the total 
voltage, would be consumed. The motor will therefore make 900 
instead of 1000 revolutions per minute. If, due to an increasing 
load, the armature current grows to 22 amps., then in the series 
resistance 22 volts will be consumed. The motor^ speed will fall 

Digitized by CjOOQ IC 



ii8 



ELECTRICAL ENGINEERING 



down to about 800 revolutions per minute. At a current of 55 amps, 
the speed will be equal to about one-half of the normal speed. Thus 
we can regulate the speed of a motor by means of a series resistance 
when it is required to run below the normal speed. 

Another way to regulate the speed is to vary the shunt current. 
If in the magnet circuit we arrange a shunt regulating resistance 

(see Fig. 125), as we have done 
with the dynamo, we may, by 
switching in some resistance, 
weaken the shunt current. Let 
us now start the motor and 
short-circuit the starter. To 
produce in the weakened field 
the same back E.M.F. as be- 
fore, the motor has, naturally, 
to run much faster. Thus, by 
switching in some resistance in 
the shunt circuit, the motor 
speed may be increased above 
its normal value — say, for in- 
stance, from 1000 to 1100, 
1200, and even 1400 revolutions 
per minute. 

Care must, of course, be 
taken, not to disconnect the 
shunt circuit entirely, whilst 
the armature is still in circuit. 
In such a case the strength of 
the magnetic field would be practically nil, since there would 
only be the weak residual magnetism. Two things may then 
happen. Either the motor reaches a dangerously high speed, in 
order to produce a sufficient back E.M.F., with the weak magnetic 
field, and in this case the excessive speed may cause the belt- 
pulley, the commutator, or the armature winding to bm:st into 
pieces ; or, the motor is prevented from reaching such a high speed 
by a heavy load, then it can produce but a small back E.M.F., and 
consequently a current of so great a magnitude will flow through the 
armature as to destroy the latter and melt the brushes, or, what 
would be more desirable, to cause the fuses to go. 

To prevent accidents of this kind, the shunt regulators for motors 
are generally made so as to render a disconnection of the shunt circuit 
impossible. The latter can then be switched off simultaneously with 
the armature circuit, by means of the starting lever, but in no other 
way. 




^ Shunt Regulator 



Fio. 125.— Shunt Motor with Startin;^ Ro- 
sistance and Shunt Regulator for Speed 
Regulation. 
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Fio. 126.— Series Motor with Starting 
Besistanoe. 



The Series Motor 

Instead of exciting the magnetic field of a motor by many 
windings, which are switched directly on to the terminal voltage, this 
may, similarly to the series winding 
of a dynamo, also be done by pro- 
viding the magnet coils of the 
motor with comparatively few turns 
of thick wire, connected in series 
with the motor armature. These 
motors are called Beries motors. A 
diagram of connections for a series 
motor, and the starter belonging to 
it, is shown in Fig. 126. As can 
be seen from the diagram, the 
starter is simpler than that of a 
shunt -motor, on account of the 
omission of the shunt slip-ring. 

The properties of the series 
motor are of quite another kind to 
those of the shunt motor. With 
the latter we have a magnetic field of constant strength, and the 
speed of the motor is practically constant at varying loads. 
With the series motor the field is stronger the larger the 
armature current of the motor, since the latter flows through 
the magnet coils as welL If the motor is loaded but little, and 
thus the armature current small, the magnetic field wiU be 
weak. If now the motor is switched on to a constant voltage, 
such as, for instance, the mains of a lighting plant, then it must 
run with a very high speed, to produce in Uie weak magnetic 
field a back E.M.F. corresponding to the outer voltage. If, on 
the other hand, the motor is loaded very heavily, its magnetic field 
will also be a very strong one. Thus the speed at which the 
motor produces a back E.M.F., corresponding to the outer voltage, 
will be far lower than before. A series motor must never run 
light or without load, for in this case its field would be very 
weak, so that it would run with a dangerous speed, or, as it is 
called, would "run away," almost like a shunt motor the shunt 
circuit of which is disconnected. Hence series motors are never 
employed where the load may be entirely removed. For driving 
by means of belts, for instance, series motors are generally not 
employed, because a sudden release of load may cause the belt to 
be ruptured or thrown off the pulley. On the other hand, they are 
more frequently used for driving pumps, fans, and so on, by means 
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of couplings, or for driving any machines by gearing. The latter 
itself provides a certain load on account of its frictional resistance in 
the toothed wheels and bearings. Very small motors may, even with 
belts, be built as series motors, as their comparatively large frictional 
resistance in the bearings represents in any case a certain, although 
small, load, allowing the motor to reach a rather high, but not a 
dangerous speed. 

Series motors are for two reasons employed in some cases with 
great advantage. A single line only proceeds from the starter to the 
motor, so that, together with the direct return wire, two mains only 
are required, whereas with the shunt motor there are two lines from 
the starter to the motor, which, with the return wire, necessitates 
the use of three mains. This offers an advantage and a saving of 
cables when the distance between motor and starter is great. This 
may, for instance, happen with a motor, coupled directly to a fan, 
which is fixed on the ceiling of a very high room, and has to be 
controlled by a starter, fixed below. Since the load of such fan 
motors is constant, the speed of the series motor will also remain 
constant. 

As we know, the magnetic field of a series motor is stronger the 
heavier its load. This makes it suitable for many special applica- 
tions, such as lifting weights by means of cranes. A small weight is 
more quickly lifted than a heavy one. If a series motor is started 
imder full load, it wants less current than a shunt motor of the same 
size. For let us presume the magnets of a series motor to be wound 
so as to produce, with a current of 25 amps., a magnetic field equal 
in strength to that of a corresponding shunt motor. If, further, we 
assume that the motors have to start under a very heavy load, so that 
the starting current grows to 50 amps., then it is clear that the field 
of the series motor will increase as well, although not to a double 
value. Naturally the armature of the series motor, running now in 
a stronger magnetic field, is, with twice the current, capable of 
developing more than double "torque." Thus the series motor 
has a greater starting power than the shunt motor, since the magnetic 
field of the latter remains constant at all loads, and its armature can, 
therefore, with twice the current, overcome only twice the load. 

Hence the series motor will be able to overcome any given over- 
load with a little less consumption of current than the shunt motor, 
but will run a little slower than the latter, and, on starting, the 
series motor will, with a given current, come sooner to its full speed 
than the shunt motor. 

For electrically driven cranes, as well as for electric trams and 
motor cars, series motors are employed with great advantage. The 
starting of an electric car can be effected more quickly with a series 
than with any other motor. On gradients the car is running slower 
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and does not require so much current as one equipped with a shunt 
motor, whereas on the level the series motor enables the car to run 
with a far higher speed. 

In all our discussions we have hitherto assumed that the series 
motor is supplied with a constant voltage. If we want it to run 
with a nearly constant speed at varying loads, we have to switch 
the motor on a low voltage if it is loaded but little, and on a higher 
voltage if it is loaded to a greater extent. This may be effected by 
a series resistance, because with a smaU load we could switch in 
much, and at a greater load less resistance. 

This voltage regulation may be rendered quite automatic by 
employing a series dynamo as source of current for the motor, an 
arrangement which is 
sometimes made for 
power transmission to 
long distances (see Fig. 
127). The mains lead 
in this case from the 
dynamo to a single 
motor only. A starter 
is not required between 
the two machines, but 
the starting of the 
motor is done in the 
following way : The 
dynamo is run by the 
steam - engine or the 
turbine coupled to it, the motor being stationary and the circuit 
closed, the resistance of the mains and of the motor alone being in 
the external circuit of the dynamo. Since these resistances are 
comparatively small, even when the dynamo runs slowly a large 
current will flow tlirough the circuit. This strong current in the 
armature and the field of the motor will cause it to start, thus 
producing a certain back E.M.F. The faster the dynamo runs 
the faster the motor runs, and the speeds will always be in the 
same ratio, for, since the same current is flowing through both 
dynamo and motor, their magnetic fields are always of equal 
strength. Owing to the loss of volts in the mains and the machines 
themselves, the back E.M.F. of the motor will always be a little 
smaller than the E.M.F. of the dynamo. Hence, if the machines 
are absolutely alike, the motor will always run a little slower 
than the dynamo. 

When the load is small the motor only takes a small current, the 
dynamo, through the coils of which this small current is also flowing, 
hence producing a small E.M.F. At an increased load the current, and 
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with it the voltage of the dynamo, increases. The speed of the 
motor is but little altered in this case, since it remains in a nearly 
constant ratio to the dynamo speed. Thus, if the dynamo is driven 
at a constant speed, that of the motor will, even at varying loads, 
remain practically constant. 



The Compound Motor 

A compound winding may be used on motors for many different 
purposes. If the current flows in the same direction through both 
windings, then the effect of the series coil strengthens that of the 
shunt coil. This strengthening is greater the larger the armature 
current, i.e, the heavier the motor load. Thus the motor gets at 
increasing load a stronger magnetic field, and will, therefore, if the 
voltage remains constant, run slower than before. We hence 
infer that, for a given current, the starting power of a compound 




Fio. 128.— Compound Motor started from ft distant point. 



motor will be greater than that of a shunt motor. With a decreasing 
load the motor will run faster. A " running away," however, cannot 
occur, because, even if the load be taken off entirely, the shunt coil 
produces a magnetic field of sufficient strength. The compound 
motor has, therefore, to a certain extent, the merits of the series 
motor without its disadvantages. 

By means of compound motors the starting at a distance with only 
two mains may be effectecl, just as in the case of the series motor. 
In Fig. 128 a diagram for such a connection is shown. If we imagine 
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the motor without the shunt coil, then it is connected up exactly as 
the series motor in Fig. 126. The current coming from the starter 
enters the series coil in VI., flows through the series coil and leaves 
it at v., flowing from there to the armature brush II., through the 
armature to brush I., and from there through the second main back 
to the generator. The shunt winding is connected directly with the 
armature brushes I. and II., and gets at starting, therefore, a very 
small voltage only, hence its field is nearly ineffective. But on account 
of its series winding, the motor starts as a series motor. Obviously 
such a motor will not develop a very large starting power, like a real 
series motor, for, on account of the large space occupied by the shunt 
coils, there is less space available for the series coils than with a series 
motor. A compound motor may, however, even with this arrange- 
ment, be easily got into motion, provided that the load on starting is 
not too heavy. When once running the armature will produce a 
back E.M.F., and the shunt coil will be supplied with nearly the full 
terminal voltage. 

This arrangement for starting at a distance may be employed in 
cases in which the motor is not coupled directly to a pump, fan, 
etc., but is driving the latter by means of a belt. Even if the belt 
slips off the motor the latter cannot run away, as would be the case 
with a series motor. 

Sometimes it is wished to produce another effect with the com- 
pound winding. As we know, the speed of a shunt motor does 
not remain absolutely constant at all loads. Generally it decreases 
a little at an increasing load. Now there are some cases in 
which an absolutely constant speed is required, such as, for instance, 
when driving spinning machines* This may be got by winding 
over the shunt coil a series coil, consisting of a few windings only, 
and which act in an opposite direction. The result is that, as the load 
becomes heavier, the field of the motor is weakened, and the armature 
runs faster. Since now, on the other hand, the motor would run slower 
at an increasing load if it were a shunt motor only, this fall of the 
speed is compensated by the action of the series winding. Thus a 
compound winding is capable of giving a constant speed at all loads. 

This statement is not absolutely true. There is a further 
reason for the variation of speed, which cannot be compensated 
by the series coil, namely, the gradually rising temperature of the 
motor. The resistance of the shuntcoils is greater when hot than 
when cold, and if the coUs are switched on to a constant voltage, 
a larger current will flow through them if they are cold than if 
they are hot. After the motor has been running for some time, 
its magnetism will gradually become a little weaker. We may 
therefore observe, with shunt motors, that the speed of the motor is 
smaller immediately after starting, but grows gradually with the rise 
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of temperature. This increase of speed lasts only for a short time. 
After some hours running, the motor does not get hotter, since it 
gives the heat produced in it to the surrounding air. After the 
motor has reached this state, its speed remains constant, providing 
that there has been no change in the voltage. 

This influence of the temperature may be done away with, by 
connecting up in the shunt circuit of the motor a small regulating 
resistance, as shown in Fig. 125. Before starting, when the resistance 
of the coils is lower, some resistance is switched in the shunt circuit, 
and, as the coils heat up and increase in resistance, the auxiliary 
resistance is gradually short-circuited. 

It must be added that compound windings are not much used for 
running motors at constant speed. 



Direction of Rotation of a Motor 

To alter the direction of rotation of a motor we have either to 
change the direction of the armature current, or to reverse the 

polarity of the magnetic field. If 
we reverse the armature current 
and the polarity of the magnetic 
field simultaneously, the direction 
of rotation will naturally remain 
the same as before. 

Fig. 129 shows the diagram of 
connections for a series motor, 
which, seen from a certain side, 
rotates counter-clockwise. The 
current is flowing in the magnet 
coils from terminal VI. to terminal 
v., and in the armature from 
brush II. to brush I. For re- 
versing the direction of rotation, 
we may either leave the direction 
of the magnet current, and alter 
that of the armature current by changing the two cables leading to 
the brushes, thus connecting brush I. with magnet terminal V., and 
brush II. with the second main, as shown in Fig. 130; or we 
may, as shown in Fig. 131, leave the direction of the armature 
current, and reverse that of the magnet current. 

There would be no reversal of the motor if we changed the mains 
leading to the starter and to the motor directly, since in this case 
both the armature and the magnet current would be reversed. 

Similar diagrams of connections for the shunt motor are shown 
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in Figs. 132-134. In Fig. 132 the armature is rotating counter- 
clockwise. The armature current is flowing from brush II. to brush 
I., the magnet current from terminal IV. to III. Fig. 133 shows 





Fig. 130. — Series Motor— Clockwise 
rotation. 



Fig. 131. — Series Motor — Clockwise 
rotation. 



how the armature current may be reversed, whilst the magnet current 
remains in the same direction, and Fig. 134 how the magnet current 
may be reversed without changing the armature current. 



Great care must be taken to always connect the 



magnet 




FiQ. 132.— Shunt Motor— Counter- 
clockwise rotation. 



Fig. 133. — Shunt Motor— Clockwise 
rotation. 



terminals so as to get the full terminal voltage on them as soon 
as the lever touches the first contact piece. This full terminal 
voltage has to remain on the magnets during the whole starting 
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period, and also when the starter has been short-circuited. If this 
is not the case, the consequences may be serious. If, in changing the 
armature cables as per Fig. 133 we had not connected magnet 
terminal III. with the main, but had left it on brush I. (see 
Fig. 135), then, at starting the motor the following would take place. 
If we put the lever on the first contact, the current will flow through 
the whole of the resistance, the latter consuming the greatest part of 
the voltage. Magnet terminal IV. is connected by means of the 
slip-ring directly with the main leading to the starter, whereas 
terminal III. is connected, not with the return main, but with brush I., 
a cable leading from this brush to the last contact piece of the 
starter. As long as the motor is stopped, there is only a very 
small voltage between I. and the return main II., the magnets are 





Fig. 134.— Shunt Motor—Qockwise 
rotation. 



Fig. 135.— Shunt Motor with Wrong 
Connection. 



on nearly the full voltage, the magnetic field will therefore have 
nearly its full strength, and the motor will start to run. If, then,, 
the motor is nmning, it will produce a back E.M.F., and this 
voltage, arising between I. and II., will gradually diminish the voltage 
between I. and the main leading to the starter. But on this latter 
voltage the magnets are connected. Thus the magnetic field will 
become weaker in the same proportion as the motor runs faster. 
If finally we, as is generally done, short-circuit the starter, then 
the voltage between the two magnet terminals becomes nU, there 
would be practically no magnetic field, hence the motor would either 
" run away," or the fuses would go. It would also be wrong, to 
connect the two magnet terminals directly with the two armature 
brushes, or, what would be the same thing, to connect magnet 
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Fig. 136.— Shunt Motor with Wrong 
Connection. 



terminal III. with the armature brush I., and magnet terminal IV. 
with the short-circuiting contact of the starter, instead of connecting 
it with the slip-ring (see Fig. 
136). In this case the magnets 
would at starting not get the full 
voltage, but only that of the 
armature; and since^ due to the 
starting resistance, the latter is 
very small at the start, the 
magnetic field would be a very 
small one too. Thus the motor 
can, if it is not loaded, start, 
but will consume a very large 
current in doing so. If, how- 
ever, the motor is loaded, it will, 
owing to the weak magnetic field, 
not be able to start at all. If, 
on the other hand, the motor is 
running, producing hereby a back 
E.M.F., the voltage of the magnet 
winding will gradually grow. When at last the starting resistance 
is short-circuited, the magnet will be excited with full terminal 
voltage. Thus a wrong connection, as described here, makes starting 
impossible, or renders it at least very difficult, but if once started 
the motor will run all right. The wrong connection described 
before, allows proper starting, but renders working of the motor 
impossible. 

For all cases the following rule for connecting up a shunt motor 
should be noted by the student : One pole of the mains to be connected 
to a terminal common to the armature and the field ; the second pole 
of the mains to be led to the starter, and to be branched there in such 
a way as to get at starting the full voltage on the second magnet 
terminal, while there is still in use the whole starting resistance in the 
armature circuit. The latter is then gradually to be short-circuited 
during starting. 

For reversing the direction of rotation of a compound motor we 
have either to reverse the armature current or that of the shunt and 
series coils simtUtaneotcsly, If we changed the connections of the 
shunt coil only, the motor would work quite differently. Consider, 
for instance, those connections with which we have become acquainted 
for starting at a distance (see Fig. 128) ; the following would happen : 
In the b^inning, when the series coil only acts, the motor would 
start to run in a certain direction, but then the shunt coil, acting oppo- 
sitely, weakens the field so much as to cause the motor to run away. 
The reversal of direction of rotation may with many motors, 
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especially with multipolar ones, be done simply by moving the 
brashes to another position, so that they are shifted the width 
of a pole from their former position. This causes the direction 
of the armature current to be reversed, and thus nothing further is 
needed. 



Armature Reaction with Motors 

With motors there is an armature reaction of the same kind as 
with dynamos, causing a weakening of the magnetic field. The 
armature reaction is greater the stronger the current flowing through 
the armature. Thus, with shunt motors under load, the field will 
be somewhat weaker than at no load. The motor will therefore, 
due to the armature reaction, run somewhat faster under the 
bigger load if it were not for an Ohmic voltage drop in the armature. 
Since this voltage loss tends to decrease the speed with increased 
load, there is generally no action of the weakened field to be observed ; 
on the contrary, there generally occurs on loading the motor a 
decrease of its speed. 

With motors having considerable armature reaction, it may 
happen that the speed increases with the load ; but in many cases the 
action of the armature reaction and that of the Ohmic voltage-drop 
compensate each other, so that the motor speed remains practically 
constant. 

With series motors the armature reaction is of less consequence 
because the main field is strengthened on increasing the load. 

With motors which do not run without sparking at various loads 
an adjustment of brushes is required as the load varies. This move- 
ment of the brushes, the student should remember, has at an 
increasing load not to take place in the direction of rotation as with 
dynamos, but in an opposite direction. To reverse the current in 
the armature coil that happens to be short-circuited by the brush, we 
have to bring the latter within reach of a weak magnetic field, which 
induces an E.M.F. opposite to that which was previously induced in 
the coil. But, as we are aware, in each winding of the motor 
armature under the influence of a pole an E.M.F. is induced, which 
tends to produce a current in an opposite direction. Thus we have 
only to short-circuit each winding before it comes beyond the 
influence of the magnet pole. We therefore have to displace the 
brushes from the middle of the neutral zone backwards, and not 
forwards, as with a dynamo (see Fig. 137). 

In comparing Fig. 137 with Fig. 107, we see that the direction of 
the current and displacement of brushes are the same as before ; but the 
direction of rotation of the motor has been changed. We thence note 
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that the displacement of brushes has to be done in the direction of 
rotation with a dynamo, but opposite to the direction of rotation with 
a motor. 

With motors which have to run in both directions (reversible 




Fio. 137. 



motors) it is naturally impossible to displace the brush-rocker at each 
change of the direction of rotation. These motors have to be desifi^ned 
so as to run without sparking, and without any displacement of the 
brushes whatever being necessary. 



Reversing Apparatus 

In many cases — such as, for instance, with lifts, cranes, electric 
trams, and so on — it is necessary to have the motors running at first 
in one and then in the other direction. In such cases it is, of 
course, impracticable to continually alter the position of the cables 
or the brushes. 

Quick reversal may be effected by means of a "double-pole, 
throw-over " switch. This switch, the diagram of which is shown in 
Fig. 140, and a general view in Fig. 139, consists of two levers 
coupled to each other. The pivots of the levers form electric 
contact-pieces; the levers themselves are made of metal, being 
insulated from each other. By lifting the levers upwards, contact a 
is connected with c, and b with d. On pushing them downwards, 
contact a is connected with e, and b with/. As shown in Fig. 138, 
the contacts c and/, d and e are connected crosswise with each other. 
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Contact d is in connection with the positive, contact c with the 
negative main, whereas the middle contacts a and h are in connection 





Fig. 188.~Shant Motor with Ghange- 
oyer Switch. 



Fro. 139.— Two-Pole 
Change-over Switch. 



with the magnet terminals of the shunt motor. On putting the lever 
upwards we connect magnet terminal IV. with the positive pole, and 

terminal III. with the negative pole of the 
' f^ ^ jj mains, hence the current is flowing in the 

w w magnet-coil in the direction from IV, to 

III. On putting the levers downwards we 
connect terminal IV. with the negative 
pole, and terminal III. with the positive 
pole of the mains, thus reversing the direc- 
tion of current flowing in the coil, and, as 
the current in the armature always keeps 
the same direction, we therefore reverse 
the direction of rotation of the motor. 

Obviously we could also arrange the 
throw-over switch in the armature circuit 
instead of in the magnet circuit. 

Such a reversing device would, of 

course, be suitable for the purpose, but 

it would be a dangerous one, for if we 

reversed the switch whilst the starter is short-circuited, the sudden 

reversing of the motor might cause its destruction. 

To prevent accidents of this nature, the reversing switch is 

^. ^.„„, ^oogle 
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Fio. 14tO.— -Two-Pole Change- 
over Switch. 
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generally rigidly connected with the starter, so as to render the 
reversal only possible when the armature circuit is opened. Such an 
apparatus is called a reversing and starting switch. The diagram of 
connections for this apparatus is shown in Fig. 141. The left and 
right half of the apparatus are quite symmetrical. The single resist- 
ance spirals (marked by the vertically drawn zigzag line) are con- 
nected both with the contacts 1, 2, 3, ... 9 to the left, and with the 
contacts 1, 2, 3, ... 9 to the right. Those marked 1 represent 







Fio. 141.— Starim^ and Reyersing Switch for Shnot Motor. 



the short-circuiting contacts. There are further some circularly 
arranged half-rings ; the small ones that are innermost are connected 
with the magnet terminals III. and IV., whereas the next wider ones are 
connected with the positive and negative main respectively. Armature 
brush II. is connected with the large outermost half slip-ring, whereas 
armature brush I. is in connection with short-circuiting contact 1. 
On either side of the starting lever there are fixed brushes Bi and 
Ba, which are insulated from each other, but each of which covers 
simultaneously the three circles on either side. If now the lever be 
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put in the middle (vertically) neither of the two brushes will cover 
any of the two current-leadiog rings (marked as + and — ) because 
these rings do not extend so far. By moving, however, the upper 
part of the lever to the left into the position which is shown in 
Fig. 141, the innermost half slip-ring and the starting contact 9 are 
connected with the positive slip-ring. Thus the current will branch, 
flowing on one hand directly to the magnet terminal III., on the other 
hand to the contact piece 9, and from there through the whole 
resistance to contact 1, which is connected with armature terminal I. 
At the same time both the magnet terminal IV. and the second 
armature terminal II. are connected by means of the lever brush Ba 
with the negative main, and thus the motor can start to run. It may, 
for instance, run to the left. If then we move the lever further to 
the left, we gradually short-circuit the resistance, till finally we 
come to contact 1, when the armature is connected directly with the 
positive main, and the motor running with its full speed. 

If, however, we move the lever from its middle position towards 
the right, instead of moving it to the left as before, the brush Bi, 
covering the slip-ring marked — , connects the negative main both 
with the magnet terminal IV. and, through the resistance, with 
armature terminal I. At the same time the lower brush, Ba, connects 
the positive main with the magnet terminal III. and the armature 
terminal II. Thus the current is flowing through the shunt coil in the 
same direction as before, but in an opposite direction through the 
armature. The motor will therefore run in the opposite direction. 

To prevent the lever from being turned more than a quarter turn 
on either side, there are arranged two stops, a, on the apparatus. 

Other reversing and starting switches are designed so as to reverse 
the magnet current, whilst the armature current remains in the same 
direction. 

Starting and reversing switches for series motors are constructed 
in a very similar manner. 

In Fig. 142 the construction of a simple reversing and starting 
switch is shown. 



Sparking with Starters and Sliunt Reg:ulators 

When a shunt circuit is broken a much longer spark results than 
in the case of a lamp circuit of equal current strength and voltage. 
The reason of this strong sparking lies in a property of the electric 
current, which is called self-induction, and with which we shall deal, 
later on, in a more detailed fashion. 

In a winding surrounding an iron core, an E.M.F. is induced as 
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soon as we alter the strength of magnetism of the iron core (see p. 57). 
If, now, the strength of magnetism is changed by altering the current 
flowing round the core, there will be produced an induction effect in 
the coU resulting in a certain E.M.F. of " self-induction." 

If a rapid alteration of the current occurs — for instance, on 
breaking a circuit very quickly — then at 
this moment a far greater E.M.F. may be 
induced than existed before. 

The E.M.F. of the self-induction resists 
any alteration of the current, it tends to 
maintain the current at its original strength, 
just as the inertia does not allow a moving 
body to stop immediately the driving force 
ceases. If a nmning vehicle is suddenly 
stopped in its course by any impediment, 
such as a wall or a door, then the sudden 
stop will cause a force suflScient to destroy 
the wall or door. Here a far greater force 
is produced than had to be spent previously 
in continuously moving the vehicle. 

It is exactly the same on stopping an pio. 142. —Motor Startiog Switch, 
electric current. The large E.M.F. of self- (Vereingte E, A. G., Vienna.) 
induction produced on the sudden discon- 
nection of a 110 volt shunt circuit sometimes destroys the insula- 
tion of coils which could have withstood a voltage of even 500, 
and might start an arc which the normal voltage would be un- 
able to keep up. As a consequence, 
the ends of the shunt slip-rings and 
the corresponding contact brushes 
of starters are generally burnt out 
after a short time. 

To avoid this we must adhere 
to the rule of never breaking a 
shunt circuit. Referring to oiu: 
analogy, the vehicle must not be 
stopped suddenly, but allowed to 
come to rest gradually. This may, 
in our case, be effected by making 
the connections between motor and 
starter according to the diagram in 
Fig. 143. By this arrangement it 
is possible to switch the motor off 
the main without disconnecting the 
shunt circuit. As may be seen from the diagram, the shunt slip-ring 
is in connection with the first resistance contact. Starting the motor 




Fio. 143. — starter with Indnctionless 
Break, huYing Shant Slip-Bing. 
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has to be done as with the usual starter. When the lever is put from 
the dead contact 6 to the first resistance contact 5, the shunt coils get 
full voltage, for the slip-ring is connected with this contact. The 
armature, as usual, is switched in series with the whole resistance. 
If, then, we move the lever gradually to the left — ^for instance, to 
contact 3 — the shunt coils remain connected with the full voltage, 
because the lever always touches the slip-ring. The armature, how- 
ever, is no longer in series with the whole of the resistance, but only 
with the part, which is between contact 3 and 1. The resistance 
spirals between 5 and 3 are without current. Contact 5, of course, 
is, by means of the shunt slip-ring, in connection with the starting 
lever, and thus with one main ; but contact 3 is also in connection 
with the lever and the main, hence this part of the resistance (viz. 
that between 5 and 3) is connected at both ends with one pole only. 
Between the ends of this part of the resistance there is no voltage, 
and thus no current can flow through it. It will be exactly the same 
if we gradually short-circuit the motor. Thus we see that there is no 
difference whatever in starting by means of this apparatus compared 
with starting by means of the usual apparatus. In starting, the motor 
produces, as we know, a back E.M.F., which is nearly equal to the 
voltage of the current. If now we switch out the motor quickly, we 
do not interrupt the armature and the magnet circuit as we did with 
the usual apparatus. We break, of course, the outer circuit, but 
there is another closed circuit in the motor itself, viz. that from 
armature brush II. through the whole resistance, from there over the 
shunt slip-ring to magnet terminal IV., through the magnet coil, and 
from magnet terminal III. back to armature brush I. Now the 
armature has at the moment of the break, if this occurs quickly enough, 
still its full speed, and thus its full back E.M.F. This latter produces, 
if there is a closed circuit, a current opposite to the previous one. 
Thus this current leaves brush II., flowing through the resistance from 
1 to 5, the magnet coils from IV. to III., and enters the armature 
again by brush I. The current flows through the magnets in the 
same direction as before. As no interruption, and not even a sudden 
alteration of the magnet current has taken place, there cannot be 
produced a considerable E.M.F. of self-induction, and thus there will 
be no sparking. 

This starter, with " self-inductionless break," has been further 
simplified by omitting the shunt slip-ring, and connecting the 
magnet terminal IV. directly with the first resistance contact 5 
(see Fig. 144). There is obviously no alteration with regard 
to the self-inductionless break when compared with the previous 
case. On starting, however, there is an alteration. In puttiug 
the lever on contact 5, the shunt coil gets full voltage as before. 
But if we now bring the lever, for instance, to contact 3, magnet 
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terminal IV. is no longer connected directly with the starting 
lever, but is in series with the resistance between the contacts 
3 and 5. In putting the lever 
on the short-circuiting contact 
1, the magnet coil will be in 
series with the whole starting 
resistance, thus the magnet cur- 
rent will be weakened. This is 
of little importance, for, since the 
resistance of the starting spirals 
is very small, the voltage con- 
sumed by the spirals, and thus the 
weakening of the magnet current, 
will be negligible. Suppose, for 
instance, that the resistance of 
the starting coils is Scu, so that 
the armature current, with the 
lever on the first contact, is 
with 110 volts about 20 amps., 
the normal shunt current being 
resi-jtance 55w 




Fig. 144. — Starter with InductionleBS 
Break, without SHp-BiDg. 



2 amps., and thus the shunt 
In the diagram^ Fig. 144, we have then, with a 
short-circuited starter, a shunt resistance of 5 -f 55 = 60w, and thus 
a shunt current of Jg^^^ = 1*83 amps., against the 2 amps, previously. 
This small weakening of the magnetic field will cause the motor 
to run a little faster. 

A sparkless breaking of the motor circuit can only be effected 
if there is at the moment of switching out no, or a very small, 
pressure difference between the starting lever and the last contact. 
Thus, to get a sparkless breaking of the motor circuit with a starter 
such as Fig. 143 or 144, a rapid switching out is required. For, 
if we moved the lever slowly from one contact to another one, the 
speed, and with that the back E.M.F., would gradually decrease, so 
that finally, if the back E.M.F. be only a very small one, we have to 
break a large current at the full voltage, thus getting a long spark in 
spite of the "self-inductionless" connection. 

Sometimes it is impossible to avoid the interruption of the 
shunt circuit. Here we are generally helped by closing the shunt- 
circuit on itself whilst it is still being switched out, so that the 
self-induction current may flow in the circuit so formed. For a 
dynamo, this is shown in Fig. 145. With the exception of the 
dead contact the arrangement of the shunt-regulator is quite a 
normal one. ITie dead contact, however, which is usually without 
any connection whatever, is now connected with the shunt terminal 
III., and, since the latter is connected directly with the armature 
brush I., also with this. Hence, if we come from the last resistance 
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contact to the dead one, the shunt is short-circuited on itself, and 

the self-induction current pro- 
duced on breaking flows in this 
circuit. Since the lever covers for 
a moment both the last resistance 
and the dead contact, we get, 
during this time, a current 
from armature brush II. through 
the resistance spirals and t^e 
connecting wire to I., but that 
is no disadvantage. 

The switching out of shunt 
regulators must not be done 
suddenly like the switching out 
of starters. It is, on the con- 
trary, advisable to leave the 

Fio. 145 -Shunt-Rc-ulator, with Connec- j f ^j ^j^ ^^ 

tion for short-circuiting the Magnet . , *"* " « *, « vxx «"^ o** 

Coils in the "off" position. resistance contact, m order that 





Fig. 14C.— Starting and Kevcrsing Switch with Connections for short-oircuiting 
the Magnet Coils in the "off" position. 
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the voltage of the machine may meanwhile decrease. If the 
resistance of the shunt regulator be large enough, the machine 
will lose its voltage almost entirely. In such a case, even without 
the special connection between the dead contact and the second 
magnet terminal, an injurious self-induction voltage and flashing 
would not result. 

A reversing and starting apparatus with ^^ self-inductionless " 
break is shown in Fig. 146. If, in switching out, the brush Bi 
leaves the wide slip-ring and the contact 9, the armature and the 
magnets are still in connection. If, then, we place the lever in 
the middle, the two shunt slip-rings are short-circuited. Care must 
be taken when using this apparatus, not to move the lever too soon 
over the middle position, for in this case the circuit of the short- 
circuited magnet coils would be again interrupted before the self- 
induction current had ceased, and consequently the self-induction 
would cause considerable flashing. 



Motors for Certain Purposes 

A dynamo can usually, without any alteration, be also used as 




Fio. 147. — Enoloeed Motor. (^Electrical Comtrtiction Co., Wolverliampton.) 

a motor, but, since motors are employed for so many diflerent 
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purposes for which a special shape is desirable, a number of types 
of motors have been designed. 

A special form is the enclosed motor, which is employed for 
damp and dusty rooms. The motor is entirely enclosed in a cast- 
iron or steel case, which has doors near the commutator, through 
which the latter may be inspected or cleaned. Figs. 147 and 148 
are illustrations of enclosed motoi*s. 

For ventilating purposes there is sometimes, instead of a pulley, 
a fan fixed on the shaft of the motor. With larger fans the motor 




Fig. 148. — Enclosed Motor. {Electromoton Company^ Manchexttr.) 



is fixed on the case of the ventilator. Fig. 149 shows a big fan 
combined with the motor. 

Since smaller motors are generally built for high speeds, it is 
sometimes necessary to reduce these speeds by means of reduction 
gears. Even with belt driving it is sometimes desirable to reduce 
the speed by gearing. Generally the reduction gear is built 
together with the motor, and on the slow speed countershaft the 
coupling or the belt pulley is fixed. 
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Electric Traction 

An important application of electric motors is that for railways, 
especially street railways. In the latter case the current supply 
device consists generally of a hard- drawn copper wire, which is 
suspended by means of insulators supported either by posts or by 




Fio. 149.— Electrically dri?en Fan. {Kdriing BroViers.) 



cross wires. The copper wire is in connection with the positive pole 
of the central station dynamo, the negative pole of which is 
connected with the rails. On the top of the motor car there is fixed 
either a meUl bow, or an iron tube, the top of which is provided 
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Fig. 150.— Tram Motor, cloeed. 



with a little wheel, the "trolley." The bows or the trolleys are 
pressed by a spring arrangement against the overhead wire, and 

serve as the current supply 
device. Both the bows and 
the trolleys are very well 
insulated from all the iron 
parts of the tram-car, and a 
cable leads from them to the 
motor starter, and thence to 
the motor itself. The latter 
is fixed beneath the car, and 
drives the car-axle by means 
of a pinion and spur wheel. 
The second pole of the motor 
is connected with the car-axle, 
and thus through the wheels and the rails with the negative pole 
of the central station dynamo. Very often two motors are used 

for one car, each of which drives one 
axle. 

The motors employed for driving 
tram-cars have generally the character- 
istic shape, as shown in Figs. 150 and 
151. The motor is entirely enclosed 
to prevent dust and moisture getting 
into its interior. To be able to inspect 
the commutator and the brushes, or to 
lake out the bearings or the armature, 
the case is divided into two parts, 
hinged to each other ; the upper part 
may be fixed and the lower one opened 
downwards, or vice versa. Since it is 
desirable to use as little space for the 
motors as possible, the magnet coils 
are not wound on separate bobbins, 
but are, after they have been wound 
on special wooden formers, and have 
been well insulated with impregnated 
cotton, mica and so on, pushed over the 
cores. Since street railways are gene- 
rally worked with a voltage of 500-600, 
all the motor parts must be excellently 
insulated. 

About the working of these motors nothing special has to be re- 
marked. They are four-pole motors with two brush-holder arms, each 
of which is provided with one or two carbon brushes. The motors 




Fig. 151.— Tram Motor, open. 
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are reversible, and, according to the position of the starting lever, 
drive the car forwards or backwards. 

The starter for tram-car purposes is generally called a controller. 
Since it has, like the motors, to be protected against dirt and dust, 
it is entirely enclosed. Its internal construction (similar to that 
shown in Fig. 152) is entirely different from that of the starters 
with which we have hitherto become acquainted. The contact pieces 




Fio. 152. — Controller suitable for Single Motor. (Jtoyce^ Manchester.) 



by which the different connections are effected, are not arranged 
on a horizontal base, but fixed on the surface of a vertical cylinder. 
On the contact pieces or contact rings there are sliding brushes or 
contact levers which are fixed on a separate wooden plate, whereas 
the cylinder with the contact pieces is movable. On the top of the 
cylinder there is fixed a handle, by means of which the cylinder 
may be turned to different positions. By rotating the cylinder the 
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. connections of the contact rings with the contact levers are altered, 
£1^ Wth the usual starting apparatus. 

A controller for a single motor-car is really little else than a 
common starter. It has a position of rest, marked " stop," and a 
number of starting steps. At the last step the whole of the starting 
resistance is short-circuited, when the motor is switched on the full 
voltage, and runs at full speed. The reversing of the motor for the 
opposite direction of rotation is generally effected by a reversing 
switch, which is separated from the controller, but mechanically con- 
nected with the latter in such a way as to make reversing impossible, 
unless the motor is stopped. 

For cars which are provided with two motors, the controller becomes 
more complicated. In this case there are two main working positions, 
viz., firstly, a series connection of the motors, when each motor is 
switched on half the voltage only ; and, secondly, parallel connection 
of the two motors, when each motor is switched on the full voltage, 
thus running twice as fast as before. Starting the motors is effected 
by connecting first of all the two series connected motors in series 
with some resistance, and then gradually short-circuiting this 
resistance. The motors then run with half the voltage and a 
corresponding speed. But if the connection is altered, and the 
motors connected in parallel, they run with full speed. 

Similar controllers are also employed for electric cranes. 



The Electric Brake 

With street railway cars it is of the greatest importance to be able 
to apply a brake quickly, especially in cases of danger, when, for 
instance, people are in the way of the car. The usual mechanical 
braking, as used for horse tram-cars, is not suflBcient for the heavier 
and more quickly running electric car. A very effective kind of 
braking may be effected by disconnecting the motor from the mains, 
and then connecting the armature brushes with each other through 
a resistance. 

Let us consider, first of all, a shunt motor, assuming the shunt 
coils to be connected with the outer mains during the whole running. 
If now we disconnect the armature from the latter, connecting the 
brushes to a resistance, the motor will, as long as it is rotating, 
act as a dynamo. The armature will deliver a current into the 
resistance, which current is greater the quicker the armature is 
running, and the smaller is the resistance. It is quite clear that 
for the production of this current mechanical work has to be spent. 
Thus the live energy, which the car still has after switching off the 
motors, is spent in generating a current, and will soon be consumed. 
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The car will therefore run slower and slower, just as if the wheels 

haa been braked mechanically. This kind of braking is especially 

eflFective at a very high speed of the car, 

whereas at low speeds it is much less so. 

For absolutely stopping a car, this kind 

of braking cannot be employed at all, 

since there is only a bralang effect if a 

current is really generated, and the latter 

can only occur when the armature is 

rotating. Each electric car has therefore, 

besides the electric braking arrangement, 

to be provided with a mechanicgJly acting 

one. 

When a car is provided with series 
motors, which is generally the case with 
street railways, a reversal of the magnet 
connections is required for getting a 
braking effect. Imagine the motor to be 
connected according to Fig. 153, the 

current flowing in the armature in the direction from I. to II., in 
the magnets from V. to VI. As we know, a back E.M.F. is 
produced in the armature, which, after disconnecting the latter from 
the mains, would tend to produce a current, leaving the armature 
in I., and entering it f^ain in II. Hence if, for the purpose of 
brakhig the motor, we simply insert a resistance between I. and VI. 




Fio. 153.— Rmining Poaition 
of Series Motor. 





Fig. 154.— Incorrect Connection 
for Braking. 



Fio. 155.— -Correct Connection for 
Braking. 



(see Fig. 154), then the current will leave the armature in I., flow 
through the resistance, through the magnet coils in the direction 
from VI. to v., and enter the armature at II. The current will 
therefore flow through the magnet coil in a direction opposite to 
that before. The magnetism of the machine will be destroyed, 
no current production is possible, and the braking effect will 
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instantly cease. To get a braking effect, we must connect the 
magnet coils so as to cause the armature current to flow through 
them in the same direction as when the machine was working as 
motor. The proper brake connections for a series motor are shown in 
Fig. 155. 

The brake connections are generally executed by means of the 
controller. From the "stop'* position to the left of the driver the 
different running, and to his right the brake positions of the 
controller handle, are generally arranged. 



The Magnetic Blow-Out 

A controller has generally far harder work to do than a common 
starter, since it has continually to be operated for starting the motor, 
altering its speed, and braking. To prevent the arcs and sparks, 
arising from the frequent disconnections made with the controller, 
from destroying the contact rings and the brushes, it is necessary to 
blow out the sparks quickly. This may be done by magnetic blow- 
outs. 

If we bring a strong magnet near an electric arc, we observe 
that the arc is deflected, being bent in a large bow, and finally 
extinguished. The arc is an easily movable conductor. It consists 
of glowing metal or carbon vapour, through which the electric 
current flows. As we know, each movable electric conductor is 
deflected by a magnetic field, and therefore the deflection and 
rupturing of the electric arc may be understood. 

Each controller is provided with a strong electro-magnet, the 
effect of its magnetic field extending over the fixed contact brushes. 
The sparks arising between these contact brushes and the contact 
rings are hence quickly extinguished. 
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CHAPTER V 

ACCUMULATORa 

We have learned in the first chapter of this book, that if with the help 
of metal plates we pass a current through acidulated wat^r, a decom- 
position results, with the separation of hydrogen and oxygen. 

Another phenomenon also takes place with which we have not yet 
dealt. If the resistance of the voltameter and the pressure at its ends 
be first measured, and from the values so obtained we calculate the 
current which ought to flow through the circuit in accordance with 
Ohm's Law, we shall find that what is actually measured by an 
ammeter is far smaller. 

The explanation lies in the fact that in addition to the E.M.F. 
driving the current through the liquid there is a back or counter 
E.M.F., just as we have learnt is the case with an electro-motor. 

At the positive electrode, which is the place of entrance of the 
current, the oxygen is liberated, whilst at the negative the hydrogen 
is evolved. The current flows in the liquid from the positive to the 
negative pole ; the back E.M.F., on the other hand, is so directed that 
it tends to send a current in the liquid from the negative to the 
positive pole. Whenever a current passes through a liquid, as in the 
case of galvanic cells, the development of gas at the plates produces a 
back E.M.F., which tends to weaken the working pressure of the cell. 
This effect is called electrolytic polarization. The simplest element 
with copper and zinc in dilute sulphuric acid shows the property 
of polarization in a very marked manner, and causes the E.M.F. of 
such a cell" to rapidly diminish when the cell is in use. 

The separation of oxygen and hydrogen brings about a chemical 
alteration of the immersed metal plates, unless they are made of 
metals like platinum. For exampl^ if we use as electrodes plates 
of iron, then the oxygen liberated at the positive pole will cause 
oxidation of the iron. We know that iron rusts on account of 
the oxygen in the air which combines with the metal. The com- 
pound so produced is known to chemists as oxide of iron. Exactly 
the same thing happens during electrolysis, when the positive plate 
is of iron. If we had used lead instead of iron a corresponding 
change takes place. On the surface of the positive electrode a layer 
of lead oxide would appear. 
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At the negative electrode hydrogen is liberated, but does not, as a 
rule, attack the electrode. If lead were used it would remain bright, 
or, if it had previously been covfered with a thin film of oxide, this 
will now be destroyed, because the hydrogen, having an attraction for 
oxygen, will decompose the oxide, producing water and liberating 
lead. 

After the passage of the current we have no longer two similar 
electrodes, but at the positive pole we have the metal coated with 
lead oxide, and at the negative a clean lead plate. Two different 
metals in a liquid give, as we are aware, an E.M.F. The origin of 
the back E.M.F. will now be self-evident. When gas is evolved, this 
collecting on the plates gives a further difference between the plates. 
Hence, to get a current through the liquid its voltage must be 
sufficient to overcome the back E.M.F. The voltage of such a cell 
may amount to more than 2 volts, i,e, twice as much as the E.M,F. 
of a simple galvanic cell. 

When a cell is coupled to an outside source of pressure, so as to 
send a current through it, the process of charging is said to be in 
progress. On stopping the current the evolution of gas immediately 
ceases, but if we now connect the poles of the cell by a wire, 
a current is obtained, the direction of which is opposite to the 
charging current, and the cell is said to discharge. It may again 
be charged by coupling it to a pressure supply, then discharged, and 
the process may be repeated as often as may be desired. 

An apparatus used in this way is called an accumulator — that is, a 
storage arrangement which is capable of accumulating energy and 
giving it back when desired. 

The accumulator that we have so far considered can supply 
current for a short time only, for in charging it, only the surface of 
the plates, which is in direct connection with the liquid, can be 
chemically altered. When this is effected, further charging is use- 
less. The liquid is then decomposed, but the oxygen formed on the 
positive plate, after the whole surface has been oxidized, is unable to 
further penetrate into the plat«, and escapes, therefore, in the form of 
bubbles. Hence, if the charging be continued, the only effect will be 
to decompose the liquid. 

If however, after the first charge, the accumulator is again 
discharged, then the plate has been mechanically altered. The surface 
of the lead plate has become spongy, and if we charge the accumu- 
lator again, the chemical change can penetrate a little deeper into the 
plate. If these charges and discharges be continued, the " capacity " 
of the accumulator is gradually increased. 

This process of forming the plates was first used by the French 
expeiimenter Plants, and plates made in this way are called Plante 
plates. The process of formation is a very lengthy one» and must be 
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continued for weeks, and even months if the cell is to liave much 
capacity. The process is completed when one plate is covered to a 
good depth with finely divided lead, and the other has a corresponding 
amount of lead peroxide. 

It was again a Frenchman — Faure — who showed how the tedious 
process of forming might be much diminished in time. Instead of 
using pure lead plates, he applied to the lead a mixture of the two 
oxides of lead called minium. If as positive electrode a lead grid 
filled with minium be employed, and as negative electrode a pure 
lead plate, or a similar grid plate having the holes filled with spongy 
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Fio. 156.— Accumulator Plate. 



lead, then we have from the beginning two chemically different 
electrodes, which have already an E.M.F., and do not require a 
foiTOation, or in some cases a formation lasting only a short time. 

In the manufacture of accumulators it is extremely important 
that the greatest care be taken that the pasted .substance is secured 
firmly to the lead grid. Various methods have been devised for 
locking the material within the openings of the lead grids, one 
example being shown in Fig. 156. 

In order to give the Plants accumulators great capacity, it is 
essential that the acting surface be as great as possible. Now, the 
working surface of a plate of any particular size may be increased 
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by providing it with very many ridges and cavities such as shown in 
Fig. 157. 

The chemical processes which take place in the accumulator are 
by no means as simple as we have hitherto assumed them to be. We 
have supposed that the water only in the ceU is decomposed, and 
that the acid serves merely for the purpose of improving the conduc- 
tivity of the water. The sulphuric acid really has an influence on 
the chemical process, and it has been found that the proportion of the 




Fig. 157. — Accumulator Piute. 

quantity of water to that of the acid is of great importance. The 
complete chemical changes which take place during the charging and 
discharging of an accumulator are too complicated to be described 
liere. The main facts are these : — During charging, spongy lead is 
formed at one plate which is termed by cell makers the negative 
plate; whilst at the other plate, called the positive, a dark red oxide 
called lead peroxide is formed. On discharging the cell both the 
lead and lead peroxide are changed to lead sulphate. 

Under normal conditions an accumulator should never be dis- 
charged so that its E.M.F. falls lower than 1*80 to 1-83 volts. For 
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the purpose of charging, a higher pressure is necessary. Soon after 
the beginning of the charge the E.M.F. of a cell rises to two volts, 
and when completely charged becomes 25 to 2*7 volts. When f»as is 
evolved from both plates of the accumulator, the end of the charge 
is indicated, and that no more oxygen is being absorbed by the 
positive plate. 

The rising of the voltage during charging is firstly due to the 
chemical change of the plates, and then for two other reasons. There 
are formed bubbles of hydrogen and oxygen, which increase the back 
E.M.F. of the accumulator, and further the accumulator has of course 
an ohmic resistance, to overcome which requires the expenditure of 
certain E.M.F. 

After charging, the voltage of the accumulator falls immediately, 
down to 2*2 volts. If we connect the accumulator terminals with an 
outer resistance, so that it supplies current, its terminal voltage 
will fall still further, and more so the greater the current supplied. 
This is partly due to the chemical alteration of the plates, and partly 
due to the ohmic resistance of the cell. In charging we have to 
make the terminal voltage larger than the E.M.F. of the accumulator 
in order to overcome the ohmic resistance. But, in discharging, the 
voltage drop caused by the ohmic resistance takes away part of the 
E.M.F., so that the terminal voltage becomes smaller than the E.M.F. 
of the cell. Hence the ohmic loss works to our disadvantage, botli 
in charging and discharging. 

From an accumulator we cannot therefore get as much energy 
as we put into it. The ratio between the quantity of energy which 
we get in discharging to that energy which has to be spent for 
charging is called the efficiency of tiie accumulator. With good 
accumulators this is about 80 per cent. For 100 units of work put 
into the accumulator we get about 80 units from the accumulator, the 
remaining 20 units are transformed into chemical action and heat. 

The accumulator is an excellent means for storing electrical 
energy. If at any time there is electrical energy at liberty, we may 
charge the accumulator, and afterwards obtain electrical energy from 
it. We may, for instance, charge an accumulator during 10 hours 
with 2 amps., and then take 20 amps, during nearly 1 hour ; or we may 
charge it with 20 amps, during 1 hour, and then obtain nearly 2 amps, 
during 10 hours. The accumulator may be compared to a savings bank, 
to which we may pay money from time to time in pence, and get back 
in one payment a large sum ; or to which we may pay at one trans- 
action a large sum, to be withdrawn in small amounts as desired. 
We may also, of course, charge and discharge the accumulator exactly 
at the same rate. 

This convenient transformation, of which we have just spoken, 
is, of course, limited. The current- passed into or taken out of an 
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accumulator should never exceed a certain amount, or the plates will 

be injured. The current an accumu- 
lator can stand depends chiefly on the 
size of the plates. To obtain large 
currents with plates of reasonable size, 
they arc not made in one piece, but 
consist of several plates connected in 
parallel. Figs. 158 and 159 are 
illustrations of accumulator cells, each 
consisting of several plates. They are 
placed side by side, so that any positive 
plate lies between two negative ones, 
and any negative (except the plates at 
the two ends) between two positive 
plates. Thick lead rods are used to 
connect all the positive plates together, 
and in a similar way all the negative 
plates are in connection. The voltage 

of the cell is, of course, equal to one consisting of two plates only. 




Fio. 158.— Storage Cell. 




Fio . 1 59 —Storage CeU. {General Electric Co.) 
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To get the resistance as small as possible the plates are placed 
very near each other. Direct contact of the plates is prevented by 
glass or rubber rods placed between them. 

Since in most cases far higher pressures than 2 volts are 
employed, a number of accumulator cells are placed in series, forming 
an accumulator lattery. The single cells have then to be connected 
so that the positive terminal of the first cell is connected with the 
negative terminal of the second; and so on in series. Since any 
other metal would be attacked and destroyed by the sulphuric 




Fig. leO.—Portable Storage Battery. 



acid or the spray arising from it, lead strips or rods are used for 
connecting the poles. In Fig. 160 a battery is shown which 
consists of four cells, mounted in a wooden box, which is lined 
with celluloid. 

If the battery has to feed 110 volt lamps, it must consist of about 
60 cells ; for, as we have learnt, accumulators are discharged down to a 
voltage of about 1'80 to 1*83, so that finally the voltage of 60 series- 
connected cells becomes 110. 

If, on the other hand, we had the lamps continuously switched 
on the whole battery, this would be a great fault, for the voltage of a 
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Fig. 161.— Cell Switch. 



single cell is at the beginning of the discharge more than two volts. 
Thus the lamps at the beginning getting more than 120 volts, would 
be overrun, and have a short life only. Further, the lamps would 
bum very brightly at the beginning, and darker later on. To prevent 
this the lamps must at the beginning of the discharge be in connection 
with a smaller number of cells. If the cell voltage be, for instance, 2, 

then 55 cells at first are sufficient; 
then, as the discharge continues, 56, 
57, etc., cells are necessary to give 
the voltage of 110. If the voltage 
per cell falls to 1*83, then all the 
60 cells will be required. 

To easily secure this variation of 
pressure, cell switches, as diagram- 
matically shown in Fig. 161, are 
employed. From each of the last 
cells a cable leads to a number of 
contacts, which are arranged in a 
circle, and over which a metal lever 
slides. The lamps are between one 
pole of the battery, and the lever of the battery switch. If the 
latter is in its extreme left position, the lamps are connected to the 
least number of cells. The cells on the right are then without effect, 
they do not supply any current. In moving the lever to the right to 
the next contact, one of the cells previously not in use is switched 
into the circuit. As the battery voltage decreases the lever is moved 
more and more to the right, and finally all the cells are in use. 

As may be seen from the above, the end cells are not used so 
much as the others, and therefore it is not necessary to charge them 
as long as the main cells. The battery switch may therefore also be 
used with advantage for charging the cells. First of all, the cells are 
connected in series, the lever of the battery switch covering the last 
contact. At the last cell, which is discharged but little, a strong 
development of gas will soon be observed. If by means of a volt- 
meter we examine the voltages of the single cells, the last will 
probably show 2*5, whereas the voltage of the other cells will still be 
lower, probably 2'3. The last cell is then switched off by removing 
the lever of the battery switch to the last contact but one. When 
the last cell but one becomes fully charged, the lever is again moved 
back one contact. Thus we see that on charging it is necessary to 
move the lever gradually to the left, whereas on discharging we must 
move the lever to the right as required. 
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Machines for charging Accumulators 

For charging a battery of 110 volts a pressure of 60 X 2*5 = 150 
volts is required ; sometimes the voltage per cell has to be raised up 
to 27-2*75, bringing the voltage of the whole battery up to 165. A 
dynamo employed for charging such a battery must therefore be 
built for a far higher voltage than that used on the lighting 
circuits. 

For charging accumulator batteries, shunt dynamos are generally 
employed. We know that with these machines by means of a shunt 
regulator it is possible to alter the voltage within certain limits. 
Machines for charging accumulators are now built so that by means 
of a large shunt-regulating resistance their voltage can be varied 
between 110 to 160. 

Series and compound dynamos are practically never used for 
charging accumulators. With a series dynamo the voltage increases 
with the current. Hence if, by any means — say by a resistance 
insiBrted in the circuit instead of the cells — we get such a voltage on 
the dynamo as to get a certain current in the cells, then, on switching 
in the latter, the E.M.F. of the accumulators will increase. The 
result will be that the difference between the E.M.F. of the dynamo 
and the back E.M.F. of the accumulators, and hence the current, will 
decrease. Due to this smaller current, the E.M.F. of the series 
dynamo will now fall, and it might then happen that a current will 
flow back from the battery to the dynamo, and reverse its polarity. 
The use of a series dynamo is therefore impossible. 

Compound dynamos are, for similar reasons, also unsuitable for 
directly charging accumulators. If, however, the voltage of the 
compound dynamo be higher than the maximum accumulator voltage, 
then with such a machine the cells may be charged by employing a 
series resistance. In this case it is not to be feared that the 
dynamo voltage may fall so low that a current will be sent back 
from the accumulators through the resistance to the machine. 

The most suitable and nearly exclusively employed machine for 
charging accumulators is the shunt dynamo. For, firstly, with 
decreasing current its voltage increases, and it can therefore hardly 
happen that its voltage should fall below that of the battery ; and, 
secondly, even if this should take place (for instance, through the 
driving steam-engine running more slowly), a current would flow from 
the battery into the machine in an opposite direction through the 
armature only. The magnet coils are in this case traversed by a 
current flowing in the same direction as before, the only difference 
being that the current comes from the cells instead of from the 
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armature. Thus the polarity of the magnets is not reversed, and 
the reversal of the current does not cause any subsequent injurious 
effect, as it would do with series or compound dynamos. 

With the means with which we have so far become acquainted, 
it would not be possible to employ a dynamo for lighting and 

charging accumulators simultaneously. 
With two battery switches there is no 
difficulty in doing this. In Fig. 162 it 
is shown how the last few cells of the 
battery are connected with the contacts 
of two cell switches. The one which is 
below in the diagi*am is called the 
charging battery switch, the upper one 
the discharging switch. 

The machine is connected with the 
first cell and the charging lever; the 
lamps are connected with the first cell 
and with the discharging lever. Now 
we may produce with the machine a 
voltage of 150, and charge with this 
voltage the 60 series-connected cells. 
The charging lever covers, for instance, 
the last contact, but the discharging 
lever is removed far to the left, so that 
probably only 44 cells are switched on 
the lamp mains. If the voltage of each 
ceU be 2*5, then the 44 cells will just 
give the proper lighting voltage of 110. 
The battery is — in a manner — fully 
charged and simultaneously partly discharged. If, for instance, we 
charge with 100 amps., and the lamps consume 10 amps, only, then 
the full current of 100 amps, will flow through those ceUs only 
which are between the charging and discharging levers. All the 
other cells are charged with 100 — 10 = 90 amps. only. 

As a matter of fact the lighting current of 10 amps, is not 
supplied by the battery, but by the dynamo. We have in this case 
a branched circuit. From the positive pole of the machine a current 
of 100 amps, is flowing to the charging lever, giving a current through 
the additional cells only. Through these the full current is flowing. 
When the current comes to that cell which is connected with the 
contact just covered by the discharging lever, the current has two ways 
— one through the whole battery to the negative pole, the other one 
through the discharging lever and the lamps to the negative pole. 
In the latter the branch currents are again combined, flowing back 
to the negative brush of the dynamo. 




Fia. 162.— Double Cell Switch. 
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This arrangement is only employed in cases where the current 
supplied to the mains during charging is small compared with the 
charging current of the battery, otherwise a far larger current will 
flow through the 'end cells than through the others. The former 
must then be made much 
larger than the latter, or, owing 
to the larger currents, they 
will be far sooner destroyed 
than the other cells. 

Sometimes, for raising the 
voltage during charging a 
special machine, a so-called 
booster, is employed. The 
main dynamo then supplies the 
normal voltage, and it can 
therefore, during charging, 
supply current to the mains. 
With the main dynamo the 
booster is in series, by con- 
necting the negative brush of 
the latter with the positive 
brush of the main dynamo (see 
Fig. 163). The battery is 
connected to the negative pole 
of the main dynamo and the 
positive pole of the booster. 
The booster can be regulated 

fi-om a very low voltage up to about 50 volts (provided we have a 
main voltage of 110, and 60 cells). 

When we commence to charge the cells the booster has to supply 
a very low voltage, the excitation is very weak, but the charging 
current might probably be very large. In such a case it may happen 
that, OMdng to the armature reaction, which weakens the magnetism, 
the polarity of the machine is changed. To prevent this, the booster 
is generally separately excited. 




Fia. 163. — Connections for Booster whon 
charging. 



Battery Switch 

Fig. 164 shows one type of an accumulator battery switch. We 
see from this illustration that the contact pieces are arranged in 
a circle, and that a lever with an elastic brush slides on them. 
The lever is not quite as simple as are those of regulating resistances. 
We observe a spiral of wire on it, and that there are fixed, not one, 
but two contact brushes on the lever. If we had a siagle contact 
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brush only, then there would be two possibilities: the brush may- 
be either narrower or wider than the insulating space between the 
contact pieces. If we make the brush narrower, then in moving 
the lever a break in the current takes place. This will cause a 
violent sparking, and, if the motion of the lever be a slow one, the 
lamps will be extinguished. Certainly with a quick motion of the 
lever the current would not be entirely interrupted, nevertheless a 
flickering of the lamps would be caused, and the contacts burnt by 
the sparks. If, on the other hand, the contact brush be so wide 
as to touch the second contact before it has left the first one, then the 
flickering would, of course, disappear; but at the moment the brush 




Fig. 164.— Battery Switch. {Voigt <fc Haffner.) 

covers two contact pieces, one of the cells is entirely short-circuited, 
thus causing a strong current, which would damage the cells. To 
avoid this, near the narrow main brush which serves for taking 
the current, another auxiliary brush is provided, which is con- 
nected with the main brush by means of a resistance spiral of 
German silver or nickelin, but is insulated from the lever. If 
the lever stops, then only the main brush covers the contact, the 
auxiliary brush is on the insulating piece between the contacts, 
and thus is without effect. If we move the lever, in order to 
switch in or off a cell, then, before the main brush has left the first 
contact, the auxiliary brush covers the next one. The cell being now 
between the two contacts is, of course, connected with a closed circuit, 
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but is not sA^r^-circuited, for the resistance of the spiral is in the 
circuit, and if this resistance be made sufficiently large, the current 
produced by the cell will be only a moderate one. At the next 
moment the main brush leaves the first contact, but since the 
auxiliary brush now covers the second contact, there cannot be 
a further interruption of the current, but the resistance spiral 
is inserted in the outer circuit. If we left this resistance con- 
tinuously switched in the circuit, energy would be wasted, for the 
resistance spiral consumes nearly as much voltage as is supplied 
by the last added cell. Hence we must remove the lever a little 
more, until the main brush covers the contact piece, and the 
auxiliary brush stands again on the insulating piece. In this way 
both an interruption of the current and a short circuit is avoided, and 
on moving the lever violent sparking is prevented. 

The same effect may be obtained by connecting each cell with 
two contact pieces, having one of them connected directly, and the 
other one through a resistance spiral. A brush of double width 
may then slide over the contacts. Battery switches of this construc- 
tion have therefore twice as many contacts as those of the type 
previously considered. 

Charging and discharging switches may be combined in a single 
apparatus, the double-cell switch. There is no difference in the 
arrangement of the contact pieces between this and a single-cell 
switch, but there are two levers insulated from each other, and 
having arms of different length, sliding over the contact pieces. 
This obviously produces exactly the same effect as if we had con- 
nected each of the end ceUs with the contacts of two different cell 
switches. 

In some cases it is desirable to save, during the time current 
is taken from the battery, any attendance. In such cases an 
automatic cell switch may be employed with great advantage. The 
arrangement consists chiefly of a small motor, which, by a relay, is 
switched in so as to run either clock- or counter-clockwise, according 
to the voltage increasing above or decreasing below the normal value. 
The contact brush of the cell switch is, by the motion of the motor, 
then moved either upwards or downwards. When the "normal voltage 
is reached, the motor is switched off by the relay. 



Accumulator Apparatus 

We have previously learned that when machines and accumulators 
work in parallel the current from the latter may possibly flow back 
into the dynamos. We have further learnt that this danger is least 
with shunt dynamos ; but in this case, also, a reversal of the current is 
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liable to damage the accumulators. Assuming, for instance, that the 
steam-engine driving the dynamo runs somewhat slower, then there may 
come a moment in which the E.M.F. of the dynamo is smaller than 
that of the accumulators. The dynamo will then consume current, 
and run as a motor driving the steam-engine. Hence the accumulators 
are discharged with a current, which may be dangerously large. 
To prevent this miniimiTn cut-outs are provided in the accumulator 
circuit. Fig. 165 shows such an apparatus. There are two cups 
filled with mercury, into which can dip a piece of metal, U-shaped 
and fixed on a movable lever. The latter has an iron axle, with 
which two small iron rods are connected, which project backwards. 
These iron rods are connected by a brass strip, on which is fixed 




FiQ. 165.— Minimain Gut-out. {The' Electrical Company.) 



a counter- weight, pulling downwards the back part of the apparatus, 
thus tending to lift the U-shaped piece out of the mercury. Over 
the iron axle a copper spiral is wound, one end of which is connected 
with the inner mercury-basin, the other end with one main terminal 
The outer mercury-cup is in connection with the second main 
terminal. If a current flows through the copper spiral, both the 
iron axle and the two iron rods projecting backwards become 
magnetised, the whole arrangement representing then a horse-shoe 
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electro-magnet. Imagine now one terminal to be connected with 
the machine, the other one with the accumulators, then, in the 
position of the apparatus shown in the figure, no current can flow 
through the spiral. If, now, we wish to charge the accumulators, we 
have to bring the dynamo to a voltage which is larger by a few volts 
than that of the accumulators. Then we have to lift the counter- 
weight of the minimum cut-out, so that the U-shaped metal piece 
dips into the two mercury-cups, and the limbs of the electro-magnet 
knock against the iron bar. In doing so we close the dynamo circuit. 
The current coming from the dynamo flows from the right main 
terminal to the mercury-cup, through the U-shaped metal bridge 
(which is insulated from the lever) to the second mercury-cup, from 
there through the copper spiral, and from the latter to the second 
terminal of the apparatus and to the accumulators. The current 
magnetizes the horseshoe-shaped iron pieces of the movable part, so 
that it sticks to the iron bar above. With a current over a certain 
value, this attraction is so great as to overcome the effect of the 
counter-weight, and to keep the movable part in this position. 
If, however, the dynamo voltage falls, then, at the moment in 
which the E.M.F. of the accumulators is equal to the charging 
pressure, the current flowing in the circuit will be nil, and the 
electro-magnet of the movable part will lose its magnetism. It 
no longer keeps fast the iron bar, and the counter-weight will 
lift the iron bridge from the mercury-cups, thus disconnecting the 
circuit. 

If the electro-magnet touches the bare iron keeper, then, owing to 
the remanent magnetism, the proper working of the armature is pre- 
vented. To avoid this, two brass screws are provided, which project 
over the electro-magnet, thus preventing the armature from direct 
contact with the electro-magnets. 

In some cases, instead of the mininxum cut-outs, Tnaximnm cut- 
outs are employed. These act when the current exceeds a certain 
amount. The electro-magnet, excited by a current passing around 
the spiral, causes, in this case, by attracting the iron armature, a break 
in the circuit. 

Maximum cut-outs, both for accumulators and for motors, prevent 
them from being heavily overloaded. As we know, fuses are generally 
selected so that they will melt with a current of double the normal 
value. Since, now, this increased current cannot do the mains any 
harm, but may in some cases seriously damage the motors or cells, 
a maximum cut-out is desirable, which is so adjusted that when 
the allowable current is exceeded, the circuit is automatically dis- 
connected. 

We have still to mention the current indicators, which are 
generally inserted in the accumulator circuit. When the current 
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flows through the accumulators in such a direction as to charge 
them, the pointer of the instrument indicates "charge;" if the 
current flows in an opposite direction the pointer indicates "dis- 



charge." See Fio:. 166. 




If in the accumulator circuit be 
inserted a Deprez ammeter, with 
the zero in the middle, as shown 
in Fig. 167, a current indicator 
becomes superfluous. 

To examine the state of the 
single cells, a little voltmeter is 
used with a range of 3 volts, one 



Fig. 1G6. — Current Indi- 
cator. {Chneral Electric 
Co.) 





Fig. 167.— Ammeter with Central 
Zero Point. {Berend & Co.) 



Fig. 168.— Voltmeter for C^U Testing. 
(Berend d: Co,) 



terminal of which terminates in a point ; the other end is connected 
with a short cable, the end of which also terminates in a point. The 
two points are then pressed against the positive and negative 
electrodes of the cell respectively, and so the cell voltage is measured. 
An accumulator tester of this kind is shown in Fig. 168. 
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Applications of Accumulators 

Accumulators serve many purposes. In central stations for small 
towns the current consumption is considerable only during a few hours 
of the day, whereas during the remaining time comparatively few lamps 
are in use. It is then very uneconomical to run the machines during 
the whole day and night. If the machines run during the day, when 
the demand for current is little, they are under a small load. 
Dynamos and steam-engines running with a small load have a low 
efficiency. Whilst, for instance, with a full-loaded steam-engine 
plant the coal consumption per useful kilowatt-hour varies between 
3.\ and 6 pounds (according to the size of the plant), this consumption 
niay with machines that are very little loaded increase up to 
12-20, and even more, pounds. But if an accumulator be used, this 
may be charged during some hours of the day, enabling the machines 
to run with greater load. During the whole time of small demand 
of current the accumulator alone is sufficient. The machines are 
stopped during this time, and are started again during the time of 
maximum demand, when they can be assisted by the battery, so that 
at the time of the maximum demand a larger current may be supplied 
to the mains than could be delivered by the machines themselves. 

In factories where electricity is used both for lighting and power 
transmission, during the working hours much current is consumed by 
the electric motors, and, in addition, in the evening a large current is 
needed for lighting workshops, office-rooms, eta After the work- 
ing hours but little current is required for lighting special rooms, 
corridors, yards, etc. This current is then supplied by the accumu- 
lators, which may be charged again during the working hours. If 
the battery is of sufficient capacity, even motors for driving small 
lathes and other tools u)ay, after the end of the general work, be 
provided with cuixent from the battery. 

Excellent service may be rendered by accumulators as buffer 
batteries when working in parallel with dynamos. In central electric 
stations, both for lighting and traction purposes, shunt dynamos 
are frequently employed. These dynamos have, as we know, the 
property, that with an increasing current the terminal voltage 
decreases. Now, in all central stations in which electro-motors are 
installed on the mains, sudden rushes of current occur, due to the 
switching in or sudden loading of motors. This causes a sudden fall 
of the voltage. Now the shunt regulator cannot be worked so 
quickly as to prevent fluctuation of the lamps on the network. 
The same thing takes place if the load is suddenly thrown off 
the dynamos. In this case the voltage increases rapidly. Again, 
with central stations for traction purposes it may happen that the 

M 
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current consumption increases for short periods to three, four, or 
even five times the average demand, as when several cars start 
simultaneously. This will cause the voltage of the dynamo sup- 
plying the current to suddenly fall an undesirable amount. If, 
however, there is a battery of suitable size working in parallel with the 
dynamo, then it will supply current at these times of sudden demand, 
and prevent the voltage of the mains from falling lower than that of 
the battery. When a great number of amperes no longer is needed, 
the E.M.F. of the dynamo will tend to rise, and the battery will 
now be charged. In the opposite case when the current consumption 
increases beyond the normal output of the dynamo, the battery will 
again supply current to the mains. The battery thus is ready for 
any sudden rushes, and acts just like a buffer between dynamo and 
network. The dynamo will, therefore, if running in parallel with 
a battery, work with a far steadier load, and thus prove more 
economical than without the battery. 

If there be water power of comparatively small amount, then we 
might accumulate in a battery energy during the whole day, and 
during the evening take a comparatively large amount of energy 
from the battery. This system is frequently used for lighting 
purposes. 

In the cases hitherto dealt with, the batteries have been stationary. 
In many cases portable accumulators are employed, both for lighting 
and power purposes. For lighting railway cars, for instance, accumu- 
lators are charged at a terminus, and put in a special box beneath 
the car. From them glow lamps can be supplied with the necessary 
current to light the car. 

When it is wished to avoid trolley wires in streets, the car can 
be provided with accumulators, which may be charged at special 
charging stations. If only at ceitain parts of a line trolley wires are 
not allowed to be used, a combined system is possible. The car 
is then provided both with accumulators and trolley equipment. 
On some parts of the line the current is taken from the overhead 
trolley wires, and at the same time the accumulators are also 
charged with this current. Along the other parts of the line the 
accumulators supply the necessary electrical energy to the motors. 

Since storage batteries with a great capacity have a considerable 
weight, accumulator cars are generally far heavier than cars with 
motors only. It may also happen that, if the battery is not 
suflBciently chai^ged, or the state of the street on accoimt of dirt, 
snow, etc., is very difficult for traction, the car may be brought to 
a stop, because the battery is exhausted. For this reason neither the 
accumulator alone, nor the combined system is very reliable, and it 
is more satisfactory to have a special underground system whenever 
the overhead system cannot be employed. 
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Motor cars may also be driven electrically, and provide an 
extended application for portable batteries. 

The same remark applies to boats and launches. The spindle 
of the screw is coupled directly with the motor, and the latter is fed 
by a battery. 

The accumulator has a considerable advantage over primary 
galvanic cells. It can, by charging, be restored to its former state, 
whereas with primary celk this is not possible. 

The student must clearly understand that the accumulator does 
not store electrical energy. It stores chemical energy which is con- 
verted into electrical energy when the cell is discharged, the electrical 
power depending on the rate of discharge. We must carefully 
distinguish between electrical power and electrical energy. For the 
former a convenient unit is the watt, for the latter the unit 
mentioned on p. 161, the kilowatt-hour is in commercial use. It is 
called the Board of Trade ITnit, and is the legal unit for selling 
electrical energy. 

Example, — What is the cost of 50 amps., at 100 volts for 2 hours, if a Board of 
Trade Unit costs 3d. ? 

Answer.— m x 100 x 2 = 10,000 watt-hours = 10 kilowatt-hours. This will 
cost 10 X 3 = 30 pence. 
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CHAPTER VI 

WORKING OF DYNAMOS IN PARALLEL 

Although dynamos are built of great output (2000 kilowatts and 
over), it is seldom the case that there is only a single dynamo erected 
for the whole output of a central station, but generally two or more 
dynamos are used, each of which has to supply a part of the total 
output. This division of the plant is for sevei-al reasons. First of 
all, continuity of service must be maintained. If an accident 




Fio. 169. — Shnnt DynamoB ready for Switching in ParaUel. 

happens to one of the machines, there are still others to maintain, to 
a certain extent, the demand. Secondly, it is possible to run one or 
more machines nearly fully loaded, as required, and hence they will 
work at the highest efficiency. 

When several dynamos are used, it is usual to arrange them in 
parallel on the same network. For this purpose shunt dynamos are 
most suitable (see Fig. 169). More difficulty is found in the 
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working of compound dynamos in parallel, and it is almost im- 
possible to combine series dynamos in this way. 

Imagine, for instance, two series dynamos working in parallel ; 
these would alter their voltage continuously, according their load. 
Assuming that their E.M.F.S were, at a definite load, just alike; 
then, with an increasing load, their voltages would rise. It is, how- 
ever, not at all certain that these pressures will rise equally. At 
the double load, the voltage of one dynamo may increase 20 per 
cent:, whereas that of the other one perhaps only 15 per cent. But 
at the same moment the latter machine supplies less current, hence 
its armature will instantly lose or nearly lose its voltage. The 
result will be that the current flows through it from the other 
dynamo, and, being in an opposite direction, reverses its poles. The 
same thing may take place without a variation of the load if the 
speed of one of the dynamos decreases. 

With shunt dynamos we know that the voltage varies also accord- 
ing to the load, but in an opposite way. The voltage increases on 
decreasing, and decreases on increasing, the load. If, at a given 
time, the load be equally divided between two machines and then 
the load is suddenly decreased, it is also possible here that the E.M.F. 
of one dynamo is greater than that of the other, so that the E.M.F. of 
the first dynamo rises, say from 110 to 113, whereas that of the second 
dynamo changes from 110 to 112 volts. This will, however, have 
only the consequence that the first machine will supply more current 
than the second one until the E.M.F. of the first machine is equal 
to that of the second one. Even assuming that the second machine, 
due to the slower speed of the driving engine, remains with its 
E.M.F. so low as no longer to supply, but to consume, electrical 
energy, this will only cause the other machine to be overloaded. 
The dynamo taking current will now run as a motor, but a reversal 
of the poles does not occur, because the current flows around the 
magnets in the same direction as before. 

It is quite another matter with compound dynamos. If with 
these a reversal of the current happened, great inconvenience would 
arise, since the reversed current, flowing through the series-coil, 
would weaken the magnetism, which is produced chiefly by the 
shunt-coil. A means of avoiding this by the use of a so-called 
equalizing wire (the connection of which with the poles of the dynamos 
is shown in Fig. 170) has been devised. This equalizing wire must 
be connected with those poles of the dynamos with which are also 
connected the ends of the series windings. As long as both armatures 
have the same voltage the current will not flow through the 
equalizing wire, but only through the two mains. 

Now let us consider what will take place if, by any accident, the 
E.M.F. of one machine becomes lower than that of the other machine 
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so that it now consumes, instead of delivers, electrical energy. 
Assume that macliine 11. is taking, and machine I. is supplying 
current, then the current will flow from the negative terminal of 
machine I. through the equalizing wire, through machine 11. (in an 
opposite direction, to that when supplying current), and through the 
positive bus-bar back to the positive brush of machine I. Thus a 
current flows in an opposite direction through the equalizing wire 
and the armature of machine II., but not through its series coils. 

The working of compound dynamos in parallel presents certain 
difficulties, so that, in spite of the advantage of an automatic regu- 




Fia. 170. — Compound D/namos ready for switoluDg in paraUel. 



lation of the voltage, it is better to avoid, whenever possible, this 
method of running dynamos. 

For parallel working with other machines, the shunt dynamo is 
generally preferred. When a dynamo is run in parallel with 
secondary batteries, the shunt dynamo only need be taken into con- 
sideration. 

If there are neither secondary batteries nor other dynamos, it is 
most suitable to employ the compound winding, since it gives a 
constant voltage as long as the armature speed does not vaiy. 

The series dynamo is very seldom employed. It is suitable for 
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supplying current for a single circuit either for a large number of series- 
connected glow- or arc-lamps, or for a single motor as a generator for 
power transmission, as previously described. In some cases several 
series dynamos have been connected in series, serving as generators 
for a number of series motors connected in series. With this 
arrangement of dynamos pressures of some thousands of volts have 
been produced and used for long distance power transmission. The 
cases are, it must be added, quite exceptional. For power trans- 
mission over long distances alternating currents are employed almost 
exclusively. 



Switching Dynamos in Parallel 



V 



When starting a dynamo which has to be run in parallel with 
either a secondary battery or another dynamo, we have to be quite 
certain that the leads are of the right polarity. For if we connected 
the positive pole of one machine with the negative pole of another, 
and vice versa, the two machines would not be connected in 
parallel, but in series without any external resistance, giving a short 
circuit supplied at double the voltage. 
To make sure about the polarity, 
proceed in the following way : Bring 
both machines to the same voltage, 
say 110 volts, then close the switch 

1 (see Fig. 171), and connect the 
ends of two series-connected 110 
volt lamps with the contacts of 
the switch 2, which must be kept 
open. If the polarity of the two 
machines is all right, no voltage 
can exist between the poles of switch 
2, and consequently the lamps cannot 
glow. If, on the other hand, the 
polarity of the two machines is 
wrong, then there will be a double 
voltage — 220 in the case supposed 
— between the two contacts, and the two lamps will glow with their 
normal intensity. The machines have then to be stopped, and the 
cables of one machine reversed. 

Instead of changing the cable connections the polarity of the 
machines may be altered. For this purpose the brushes of machine 

2 must be lifted ofif the commutator, and switches 1 and 2 closed. 
By doing this the machine II. is excited in the right direction. Now 
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FiQ. 171. 



-First Method of seonriDg 
Bight Polarity. 
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open switch 2, and put the brushes on the commutator, when it will 
be found that the polarity of the machine has been reversed. 

If the machines are provided with two-pole switches instead of 
single-pole ones, the procedure for finding the polarity just described 

may be applied by connect- 
ing temporarily the contacts 
of one side of the switch of 
machine IL by means of a 
wire or strip of metal. 

To ascertain the polarity 
of a machine, Pole-finding 
Paper is sometimes em- 
ployed. It is made of paper 
impregnated with a chemical 
substance. When the paper 
is wetted and included in a 
circuit, the electrolytic action 
that ensues causes the paper 
at the end connected with 
the positive pole to become 
of one colour, whilst around 
the negative end a different 
colour will be noticed. 

The examination becomes 
simplest if there is a Deprez 
voltmeter provided with a 
voltmeter switch fixed on 
the switchboard as shown in Fig. 171a. If on closing the voltmeter 
switch, so that it indicates the voltage of first one machine and then 
the other, the pointer of the voltmeter is deflected in the same 
direction in both cases, the machines are of the same polarity ; if 
otherwise, then the machines are of opposite polarity. 




Fig. 171a. — Second Method of Becuring 
Bight Polarity. 
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CHAPTER VII 

ELECTRIC LIGHTING 

Glow Lamps 

One of the first phenomena of the electric current with which we 
became acquainted was the heating of a wire through which a 
current flows. The first idea was, therefore, to heat metal wires 
by the electric current to such a high degree as to cause them to 
glow and emit light. The common metals, however, alter their 
nature when heated in the air, and therefore a metal which has the 
property of not changing its nature, such as platinum, must be 
employed. The incandescent or glow-lamps, manufactured in this 
way are very expensive, and, further, have a serious defect. Metals 
do not glow bright until they are raised to a temperature which is 
near to their fusing point. Hence, if through a platinum lamp a 
current flows which is a little greater than the normal one, the 
platinum filament will instantly fuse. 

Fortunately there is a solid conductor which is neither a metal 
nor fusible. This conductor is carbon. If in the open air we heat 
a carbon filament to such an extent as to make it incandescent, it 
will soon be burnt. Hence the electric heating of the filament must 
be done in the absence of oxygen, a gas necessary for combustion. 
This has been effected by enclosing the filament in a glass bulb from 
which the air, and with it the oxygen contained in the air, has been 
carefully exhausted. 

The greatest practical difficulty consisted in finding out a method 
of obtaining carbon strips of sufficiently small sectional area and 
regular structure. This has been overcome by either carbonizing a 
cotton or silk thread directly, or a filament formed by " squirting " 
a solution of cellulose through a fine nozzle at high pressiire. 
Cellulose is the chief constituent of such vegetable substances as 
cotton, linen, paper, etc. 

The first to make carbon lamps practical were Edison and Swan. 
The former used a carbonized and horseshoe shaped fibre of bamboo, 
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enclosed in a glass bulb from which the air was exhausted. The 
connection between the carbon and the external conducting wires 
was secured by short pieces of platinum wire fused through the glass. 
Since then, the manufacture of glow lamps has been very much 
improved. Nowadays the filament is generally made from cellulose 
in the way described above. 

We shall now briefly deal with the method of making modem 
glow-lamps. The filaments of cellulose, having been dried, are cut 
to about the desired length, sufficient margin being allowed for 
making connections with the platinum wires, which pass through the 
bulb to the external circuit. They are then subjected to the process 
of " carbonizing," which converts them into solid carbon filaments. 
Each filament is then held by clips connected with suitable termi- 
nals, by means of which connection can be made with a dynamo or 
a secondary battery. Next, the suspended filament is placed in an 
atmosphere of gas rich in carbon, and a current sufficiently strong 
to raise it to a white heat is passed through the filament. If there 
should be, as is generally the case, any inequality in the filament, 
causing a variation in its resistance, one portion will be raised to a 
higher temperature, and upon this hotter section a greater deposit of 
carbon will take place. This process is therefore continued until 
the filament is of equal thickness, that is to say, until it becomes 
uniformly luminous throughout. 

The glass in which the platinum wire with the carbon filament 
is fixed is now fused to the bottom part of the bulb, and finally the 
latter is exhausted of its contained air and moisture. 

For connecting the filament to the external circuit many methods 
are employed. The type of holder generally used in England is 

known as the Swan or Bayonet 
holder. The lamp is, in this case 
(see Fig. 172), provided with an 
insulated brass collar fixed with 
cement, the filament being con- 
nected to the two brass segments 
Fia. 172.— Brass Cap of Glow Lamp, embedded in the cement. The collar 

iTlie General Electric Co.-) j^^g ^wo small side pinS, wllich fit 

into the "bayonet joint" holder. 
There are, besides this, many other types of lamp-holders, such as, 
for instance, the Edison, the Siemens, and others. 

Generally glow lamps are tested by means of a photometer before 
they are sent out, and their candle-power, as well as the voltage at 
which they are to be used, is marked on them. If a lamp, designed 
to give 16-candle-power at a voltage of 110, be connected with a 
lower voltage, it will give out less than 16 candles ; if, however, it 
is connected with a liigher voltage, it will burn with greater candle- 
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power. The use of lamps ou a higher voltage than that for which 
they are designed and tested, destroys them after a short time. The 
life of an incandescent lamp, or the number of hours that it can 
maintain illumination, varies considerably, but as an average period 
for such lamps, which are used at the right voltage, about 1000 hours 
may be taken. With lamps that have been in use for some time, 
the vacuum deteriorates more or less, the carbon of the iBlament is 
deposited on the interior of the bulb, thus diminishing its trans- 
parency, till finally the filament is broken at its weakest point, and 
the lamp becomes useless. 

K a lamp is supplied with a higher than its normal voltage, this 
reduction of the luminous effect and the destruction of the filament 
takes place much more rapidly. 

Tests on lamps burning on a higher pressure than the normal 
voltage prove that their efficiency — that is to say, the ratio of 
the light emitted to the watts absorbed by the lamp — is higher 
than when the lamps burn at the proper voltage. The 16-candle 
power glow lamps usually employed consume about 50 to 55 watts (in 
all the examples we have given in the first part of this book we have 
assumed this consumption to be 55 watts = 110 volts x 05 amps.), 
whereas, lamps burning with a higher than their normal voltage 
consume a greater number of watts, but the light emitted by them 
is increased to a far greater extent than their watt consumption. 
This fact has been taken advantage of when manufacturing glow 
lamps of higher efficiency — for instance, lamps which require 2J, 2, 
or even less watts per candle-power. These lamps deteriorate far 
more rapidly than those having a lower efficiency. Hence the 
advantage of the lower cost of current when employing "high 
efficiency" lamps is diminished by the necessity of frequent 
renewals. The lamps which are most generally in use consume 
about 3 to 3]^ watts per candle-power. 

Until a few years ago, filaments for a higher voltage than 
110 could not be satisfactorily manufactured. For a higher 
voltage the filament has, naturally, to be longer and, at the same 
time, thinner. Such a filament is, of course, very fragile, and for 
a long time the difficulty of manufacture was insurmountable. By 
improving the quality of the carbon, this difficulty has been over- 
come, and nowadays glow lamps for 220, and even 250 volts are 
manufactured almost of the same quality as 110- volt lamps. 

A new system of electric incandescent lamps has been invented 
by Professor IferiiBt, of Goettingen. He employs as filaments 
second-class conductors— that is to say, bodies which are insulators in 
a cold state, but become conductors of the electric current when 
heated nearly to redness. The filament has therefore to be heated 
before the lamp can be made to glow. This may be efiected either 
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by means of a small spirit-lamp or, automatically, by means of a 
platinum coil, surrounding tlie filament. 

The diagram of connections for a lamp in which the filament has 
to be heated by a flame, is shown in Fig. 173. The automatic type 
is like Fig. 174 Here the current traversing the lamp from the -f- to 
the — pole has two ways open — one through the elastic armature of 
a small electro-magnet to the platinum heating-coil, and another one 
through the winding of the electro-magnet, next through a series 
resistance of iron wire (marked by a zigzag line in the diagram), and 





Fig. 173.— Nernst Lamp— Filament 
heated by flame. 



Fig. 174.— Xernst Lamp witli 
Electric Heating. 



then through the short thick filament or rod made of the special 
substance. On switching in the lamp, the rod is still cold, and thus 
not conducting; the current can therefore only flow through the 
armature and the heating-coil. As soon as the rod is made to glow 
by the heating effect of the platinum coil, the current traverses the 
second path through the winding of the electro-magnet, the series 
resistance, and the rod itself; the electro-magnet is, therefore, able 
to attract the elastic armature, and disconnect of the first circuit, 
the platinum coil being then switched out of circuit. 
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A resistance in series is required with both types of the 
Nemst lamp, since the rod of special material is very sensitive to 
variations of the current, and without this steadying resistance would 
melt at the slightest rise of voltage. The steadying resistance is 
made of iron wire, whose resistance increases comparatively rapidly 
with rise of temperature. 

The materials from which the glow-rods are made stand a far 
higher temperature than plathium or carbon. The luminosity of a 
source of fight being greater the higher the temperature of the 
glowing material, the Nemst lamp is more efficient than that of a 
carbon filament glow-lamp. It consumes only about 1^ watts per 
candle-power. 

Since the materials employed for the Nernst lamp have, even 
in a hot state, a far higher specific resistance than carbon, the glow- 
rods are, for a given voltage and candle-power, far shorter and thicker 
than the corresponding carbon filaments. Thus the rods are much 
more solid, and can be manufactured for 220, 300, and even 400 
volts. 



Arc Lamps 

Whenever a circuit is broken a spark is produced. We must 
now try to make clear why this should be. On opening a switch 
or disconnecting a live main, the actual breaking of the current 
requires a definite time. During this time the contact, originally 
a very good one, becomes worse and worse, and the surface of the 
touching parts becomes smaller and smaller. The result is that 
resistance is introduced, and heat is produced. The temperature 
becomes finally very great, so that the ends of the conductors 
begin to glow, and emit glowing metal vapour, which, even after 
some time, when the two conductors have been separated ^ little 
distance from each other, may cross the gap, and form a conducting 
luminous bridge, called the arc. 

To obtain a continuous arc, metal rods are not suitable, becaase 
they soon fuse and evaporate. Carbons are in every way preferable. 
The carbons which are connected with the two mains, are first of all 
brought together, so that the current can flow from one carbon to 
the other. The contact surface offers a comparatively high 
resistance, so that the carbon ends begin to glow. Then they are 
removed some sixteenths of an inch from each other. The arc 
that is formed continues, since the highly heated air and the carbon 
vapour form between the two electrodes a conductor of very high 
resistance. The arc itself does not emit the greatest part of the 
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light, but the carbon points, especially the positive, are the chief 
source of light. 

The two carbons are not, with a continuous current, consumed 
at an equal rate, the consumption of the rod connected to the 
positive pole of the dynamo being approximately twice as fast as 
that of the other, or negative carbon. After burning some time, 
the end of the positive rod becomes concave, forming a crater, and 
in the hollow of this crater the most intense heat is developed, 
making it, therefore, the chief source of light. The negative rod 
is gradually consumed imtil its extremity is of a conical shape. 
With continuous current lamps the lower or negative carbon is 
usually thinner than the upper one, the object being to make the 
consumption of the carbons equal as regards length. 

If we calculate the current strength of an arc lamp after Ohm's 
Law, we arrive at an incorrect result, just as with the calculation 
of the current in a liquid (see p. 145). The arc is, like a storage 
cell, the seat of a back E.M.F., but which ceases immediately the 
current stops. The back E.M.F. of the arc is very considerable, 
and the current has also to overcome the ohmic resistance of the 
arc. Hence the applied pressure must be above a certain value. 
The voltage required for an ordinary arc is about 35 to 40 volts. 
With special types, where the arc is formed in a partial vacuum, 
and is very long, the voltage may be 80 or more. It is quite 
impossible to get a continuous arc with a voltage of less than 30 to 35. 
Glow lamps may, as we know, be built for any pressure, since they 
have an ohmic resistance only, and thus the dimensions of the 
filament may be made according to the voltage. There are, for 
instance, glow lamps which require a voltage of but 2, and can 
therefore be fed by a single accumulator cell. With arc lamps 
this is impossible. 

For an arc lamp a special mechanism is necessary. First of 
all, the two carbon rods have to be placed in contact, and then 
have to be separated, so that an arc is formed between them. 
Further, in order to maintain the arc, it is also essential that 
some device should be provided for "feeding" the carbons 
together at a rate proportionate to their consumption. Generally 
the electro-magnetic effect of the current is used to operate this 
mechanism. 

In Fig. 175 is shown one of the different types. The upper and 
lower carbon holders are suspended from a flexible wire or a chain, 
passing over a roller. The upper carbon holder is provided with 
an iron core, which moves within a fixed coiL The latter is con- 
nected in series with the arc, so that the current forming the arc 
also flows through this coil. If, now, the iron core is pulled up 
by the action of the coil, the upper carbon holder is Ufted, and 
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the bottom carbon is lowered, so that the carbons are separated. 
If, on the other hand, the iron core is less attracted by the coil, it 
will descend, causiog the carbons to approach. 
By selecting the weight of the iron core, then, 
at a certain current strength, the attraction 
of the solenoid and the weight of the core 
are just balanced. Assuming now the arc 
lamp, having a resistance in series, to be con- 
nected to a constant voltage, then, after a 
short time, due to the burning, the resistance 
of the arc will be increased, and the current 
will be decreased. With the weakened 
current the attractive power of the coil 
becomes smaller, the weight of the carbon 
and its holder, therefore, causes the carbons 
to be brought nearer together, until the 
diminution of the arc resistance causes the 
current to be increased to such an extent 
as to again balance the weight of the carbon 
holder. If, on the other hand, the iron core 
falls too far down, so that the arc is shorter 
than normal, then the resistance being de- 
creased, the current becomes greater, and the 
attractive force of the solenoid overcomes 
the weight of the iron core, with the result 
that the carbons are separated a little. 

The regulating solenoid being connected in series with the arc, 
this lamp is called a series lamp. It tends, as we have seen, to 
maintain a constant current, and is very suitable for use on a 
constant voltage supply. 

Let us now arrange a number of such lamps in series, and in 
a circuit in which the current strength is kept constant by any 
means, then it will be found that the regulating mechanism is abso- 
lutely useless. For it is evident that as long as the current in the 
circuit remains constant, the lamp wiU not regulate ^ven if, owing 
to the consumption of the carbon, the arc much exceeds its normal 
length. Hence the voltage at the terminals of the lamp, which is 
usimUy 40 to 45, may grow to 80, and even more. If, finally, the 
resistance of the lamp becomes so great that the dynamo is unable 
to supply this higher voltage at the normal current, then the latter 
will decrease, thus causing all the solenoids to affect the length of 
the arcs, although in some lamps the length of the arc might have 
been the right one. 

In such cases, instead of series lamps, shunt lamps may be 
employed. A scheme of a shunt lamp is shown in Fig. 176. The 
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Lamp. 



176 



ELECTRICAL ENGINEERING 



solenoid, consisting of many turns of a very fine wire, is arranged 
so as to tend to lift the lower carbon holder. The solenoid 
itself is connected with the two terminals of the lamp, thus being 
in shunt with the arc, therefore the current traversing the 
solenoid is greater the higher the voltage of the arc. At the 
proper voltage of the arc, the weight of the iron core is just counter- 
balanced by the attraction of the solenoid. But if, due to a burning 
of the carbons, the length of the arc is increased, its voltage will also 
rise, provided that the current strength remains constant. Thus, if, 
owing to the higher voltage, a larger current flows through the shunt 




Fio. 176. — Shunt Aro Lamp. 
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Fio. 177.— Differential Arc 
Lamp. 



coil, the action of the solenoid will preponderate, lift the bottom, and 
lower the upper carbon holder, so that the arc is again shortened to 
its right length. This lamp therefore tends to maintain constant 
voltage. 

A third kind of an arc lamp is the differential lamp, a scheme 
of which is shown in Fig. 177. In this lamp we have two coils, 
which act against one another. One of these coils is a series coil, 
tending to lift the upper carbon holder, and to lengthen the arc ; the 
other a shunt coil, tending to lift the bottom carbon holder, and 
hence to shorten the arc. 
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This lamp will therefore combine the properties of the other two 
types, and be suitable for use on 
both constant current and constant 
voltage circuits. 

An essential requirement of an 
arc lamp is a means of damping 
the regulating mechanism, so as to 
prevent any sudden or violent 
movement of the carbons, causing 
a flickering of the light. Several 
devices have been arranged for 
causing the mechanism to act in 
a gradual manner. One of the 
most usual consists of a roller, 
over which passes a flexible cord 
that carries the carbon holder. 
This roller drives through several 
toothed wheels a fan. The latter 
is made to rotate at a great speed 
against the resistance of the air. 
Any sudden increase of the speed 
of the roller is prevented, owing 
to the great resistance that the air 
oflers to the increase of speed of 
the fan. 

Another damping arrangement 
consists of a piston, moving within 
a cylinder, with but little play, so 
that the enclosed air is compressed 
or expanded, preventing sudden 
motion of the piston. 

Fig. 178 shows the general- 
arrangement of the parts of an arc 
lamp, and Fig. 179 shows the 
principle of a Kfizik or Pilsen 
diflferential lamp. To the explana- 
tion given with the general scheme 
of a differential lamp, we have to 
add the following for the Krizik 
lamp : — The iron cores, a and 6, are, 
as may be seen from the dotted 
lines in the figure, not cylindrical, 
but conical. They are enclosed 
within brass tubes, and by small 
guiding rollers a true vertical 




Fio. 178.— Arc I^mp. (Tite Electrical 
Company.) 
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motion is ensured. Over the iron cores the series coil g and the 
shunt coil / are respectively wound. When the lamp has been freshly 

trimmed and the carbons are long, the core 
of the upper carbon holder is at its highest, 
and that of the lower carbon is at its lowest 
position, whereas at the end of the burning 
hours the opposite would be the case. 
With cores of a cylindrical shape, the 
attractive power of the coil on the core 
would vary according to the position of the 
core to the coil. On the other hand, the 
conical shape of the cores ensures that 
the attractive forces will at these and other 
positions be balanced, provided that through 
both the series and the shunt coil the normal 
current is flowing. 

The roller c, over which passes the cord 
bearing the carbon holders, is provided on 
its circumference with fine teeth. Into the 
latter a ratchet A interlocks, which is not 
only movable about its axis, but, being 
fixed within an oval hole, is also movable 
for a short distance upwards. When the 
lamp is not in circuit, the two carbons 
touch each other, and the shunt coil is 
short-circuited. On closing the switch, 
the mains being connected to the terminals 
marked + and — , then the series coil moves its core 6 upwards. This 
upward motion can, however, only take place so far as is allowed by 
the length of the oval hole. This length is selected so as to give the 
right length of the arc. The latter then has its normal voltage, and 
the series and shunt coil are therefore counterbalanced. As the lamp 
continues in use, the shunt coil / is able, without any impediment 
from the ratchet, to lift the lower carbon holder and shorten the arc, 
since this ratchet is arranged so as to stop a revei*se motion. 

There are numerous other types of arc lamps, which the limits of 
this book preclude us from describing. 

It is of great importance to use a resistance in series with an arc 
lamp. If we connected an arc lamp directly on to a 40-volt circuit, 
then the variations of the current would be excessive, and quite 
beyond the power of the regulating mechanism to control. On 
switching on an arc lamp, the carbons are brought to directly touch 
each other, whilst the lamp does not yet produce any back E.M.F. 
Hence the lamp resistance is small, and the current therefore excessive. 
Any, even the smallest, lengthening or shortening of the arc would 
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Fio. 179.— The Krizik Arc 
Lamp. 
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Fio. 180. — Aro Lamp KeBistanco withoat cover. 
{The Electrical Company.) 



produce a great variation of the current, since any change of length 
of the arc is followed by an increase or decrease of the back E.M.F. 
Assuming, for example, the back E.M.F. to be 39 volts in one, and 
36 volts in another case, then the difference between the terminal 
voltage and back E.M.F. will be 1 and 4 volts respectively. The 
ohmic resistance of the 

lamp remaining the ^ ^ — -^ -j^ 

same, the current will 
be four times as much 
in the second as in the 
first case. In the feed- 
ing of arc lamps from a 
dynamo, the machine 
voltage is therefore al- 
ways made larger than 
the lamp voltage should 
be, and a constant resistance is kept in series (see Figs. 180 and 181), 
which absorbs the superfluous voltage. The line voltage is then 
best selected about 60 to 65, so that in the resistance 20 to 25 
volts are absorbed. If, now, by any change of the length of the arc 
its voltage be varied, 

/r^iT — ' «■ — " ^y^ 



say from 39 to 36, this 
will cause only an un- 
important rise of cur- 
rent, because in the first 
case the difference be- 
tween the electro-motive 
forces will be 65 — 39 
= 26 volts, and in the 
second case 65 — 36 = 
29 volts. Hence, if the 
total resistance be 3oi, 
the current would be 8*6 amps, in the first, and 9*6 amps, in the 
second case, the difference between these two currents being only 
1 amp. Further, when the lamp is first connected with the current 
supply, and the carbons are actually touching, nevertheless the 
current cannot become too large. Its maximum value, of course 
only for a brief period, will be 65 volts -f- 3w = 21*6 amps. 

The larger the series resistance the steadier the lamp will bum. 
On the other hand, the resistance wastes electrical energy ; hence, for 
economical working, the series resistance should be made as small 
as possible, i.e. just as small as will ensure good regulation. 

If on 110-volt mains single lamps are used, then about 70 volts 
are absorbed by the resistance, i.e. about two-thirds of the total 
energy is rendered useless. Hence, with 110 volt mains, two lamps 
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Fig. 181.— Arc Lamp Resistance encloeed. 
{The Electrical Company.) 
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are often used in series, with a resistance absorbing about 30 volts ; 
with 150-volt mains, the lamps are switched in groups of three m 

series with a resistance; and witn 
220-volt, generally in groups of four. 
There are also specid connections, 
where groups of three smaller arc 
lamps are run on 110- or 120-volt 
mains without a permanent resistance, 
but merely with a starting resistance. 
In these cases special precautions have 
to be made; nevertheless, the lamps 
can never bum as satisfactorily as in. 
groups of two. 

Where the lightmg is exclusively 
by means of arc lamps, and the use of 
glow lamps need not be considered, 
connection of the lamps in series is a 
frequent method. In this case there 
is only one circuit, in which all the 
arc lamps — for example, 10, 20, or 
30— are connected in series. The 
voltage of the dynamo, or arc lighter, 
has therefore to be high; viz., if for 
one lamp with its regulating resistance 
we assume a voltage of 50, then 30 
lamps wiU need 1500 volts. Since 
the extinguishing of one lamp would 
prevent current supply to the re- 
mainder, there must be provided an 
alternative path in each lamp, which 
either short-circuits it, or inserts a 
compensating resistance. In. this sys- 
tem the current of the machine, gene- 
rally provided by a series dynamo, has 
to be kept constant, and its voltage 
must be varied according to the 
number of lamps running. This 
method is not now so commonly in 
use as it once was. 

With arc lamps a more economical 
lighting is effected than with glow 
lamps. An axe lamp burning with 10 
amps, has a luminous power of about 
500 to 1000 candles. Since (including 
the resistance) an arc lamp requires about 55 volts, we get for an 
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electrical power of 550 watts 500 to 1000 candles, from which 
it follows that we have to spend only ^ to 1 watt per candle-power, 
whereas a glow lamp requires 3 to 3^ watts per candle. Arc lamps 
are also constructed for 8, 6, 4, and 2 amps., sometimes for even less. 
Smaller arc lamps, however, are not economical. Further, since arc 
lamps require far more attendance than glow lamps, small arc lamps 
are seldom used. On the other hand, for the lighting of streets, 
squares, shops, etc., where much light is required, the use of large 
arc lamps is common. 

A special application of the arc lamp is as a search light. Very- 
large arc lamps are used for this purpose, and the light is reflected by 
means of parabolic mirrors, so that it can be directed on any object. 

With the arc lamps hitherto considered, the arc is formed in the 
air, although for softening the exceedingly intense light glass globes 
are always used. Now there exists another kind of arc lamp, which 
bums with the arc enclosed. Over the carbons there is a small glass 
cylinder, so arranged that it fits round the carbons, making a small 
and nearly air-tight chamber (see Fig. 182). This cylinder is, of 
course, first filled with air, but, on burning for a short time, all the 
oxygen contained in the air in the small cylinder is consumed. Hence 
the carbons are consumed far less if burning in this enclosed manner, 
and these lamps may be manufactured to bum a hundred hours and 
longer, whereas the carbons of common arc lamps have generally a 
burning time of only five to ten hours. 

With ''enclosed are lamps" the length of the arc is generally 
i" to i", so that the voltage of the arc is equal to about 80. These 
lamps may therefore be connected singly, and with only a small series 
resistance, to 100 or 110 volt mains. 



New Types of Lamps. 

Dr. Auer, of Vienna, employs as a filament for a glow-lamp osmiumy a material 
which conducts when cold, and therefore does not require any preliminary heating. 
The efficiency of these lamps is said to be equal to that of the Nemst lamps. On 
the other hand, owing to the low specific resistance of osmium, they can best be used 
for voltages from 20-60. 

In the Bremer arc lamp the carbons used have certain salts added to them, with 
the effect of increasing the light, and, at the same time, making a great change in its 
colour. 

The Cooper-Hewitt lamp consists of a long tube, in which mercury vapour is 
heated by an electrical current. It requires about half a watt per candle-power. 
The light is especially rich in blue and violet rays. 
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CHAPTER VIII 

ALTERNATING CURRENTS 

Experiments with Alternating Currents 

The first electrical machine with which we became acquainted pro- 
duced alternating currents. On providing the Siemens H armature 
with slip-rings, and rotating it in a magnetic field, we were enabled 
to collect currents of an alternating kind. We then dealt with 
devices for commutating the alternating current, which originally 
is produced in any dynamo, into continuous current. We shall 
now consider the properties of the unrectified alternating current, 
and the special types of machines designed as alternating current 
dynamos. 

First of all, let us try experiments similar to those we made with 
a continuous current. Connect a wire resistance with the terminals 
of an alternating current generator. On turning the armature the 
wire is heated, and, if the current be sufficiently strong, the wire may 
glow, and even melt. In like manner an alternating current will 
cause an incandescent lamp to glow. We see, therefore, that the 
heating effects of an alternating current are like those of a 
continuous current. This is easily understood. The heating of a 
conductor, traversed by an electric current, does not depend on the 
direction, but merely on the strength of the current, and continues 
therefore even if the current is continuously altering its direction. 

On rotating the armature of our two-pole dynamo with a speed 
of about 3000 revolutions per minute, thus getting 6000 alternations 
per minute, or 100 per second, we observe a perfectly constant 
illumination of the lamp. If, however, we turn the machine with 
only the fourth part of this speed, and connect with it a lamp for 
a correspondingly lower voltage, we observe that the lamp is not 
giving a constant light, but flickers like a gas light supplied with 
gas at a fluctuating pressure. This phenomenon is readily under- 
stood. We know from our observations on page 59, that the 
strength of an alternating current increases gradually from zero to 
its maximum value, then decreases to zero, and, changing its 
direction, again reaches its maximum value, etc., as shown in Fig. 58. 

182 
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Thus the carbon filament, traversed by the current, gets hotter and 
then cooler, hence alternately glowing brighter and then darker. At 
the moment when the voltage is zero, the lamp still gives out a 
certain amount of light, since sufiBcient heat is stored up in the 
filament to cause light to be emitted during the short period that 
the current is zero. Nevertheless the flickering light resulting 
would be very fatiguing to the eyes. When the alternations follow 
one another very quickly, at least 50 times per second, the fluctua- 
tions are not perceived, and a current of this periodicity can therefore 
be used for electric lighting. 

Our second experiment consists in bringing two wires, connected 
with the terminals of an alternating current generator, into contact 
and then separating them. A break spark will be produced, like that 
with a continuous current, and, if we keep the two ends of the wire 
sufficiently near together, we may get a continuous arc. Alternating 
currents may therefore be employed, as well as continuous currents, 
for feeding arc lamps. The same systems of regulation with 
which we became acquainted in the continuous current lamps — viz. 
series-, shunt-, and differantial-regulation — may be applied to alter- 
nating current lamps with almost equal success. There are, of 
course, certain diiferences in the construction of the lamps, which 
we shall deal with later on. 

The property of the continuous current arc lamp, that the positive 
carbon is sooner consumed than the negative, is naturally not found 
with alternating current lamps, since the carbons are alternately 
positive and negative, hence they are consumed at an equal rate. 
The voltage required with the alternating current is lower (25-30 
volts) than that necessary for the continuous current lamps. 

The flickering of the light when the number of alternations is 
too small occurs here far earlier than with the glow-lamp ; whilst 
with the latter we get a fairly constant light at 50 alternations per 
second, we can with an arc lamp hardly use a current of less than 
80 alternations without getting a very unsteady burning of the 
lamp. Thus in installations where arc lamps are employed, a 
current of not less than 80, but generally 100, and in this country 
frequently 200, alternations per second is employed. 

With a continuous current a magnetic needle was deflected by a 
current flowing through a wire, and an iron rod surrounded by a coil 
was magnetized as soon as a current flowed through the latter. In 
making the first of these experiments with alternating currents, we 
are unable to observe any deflection of the magnetic needle. If we 
watch the needle very attentively we find that it vibrates. On 
reducing the speed of the machine which supplies the current, so as 
to get but a few alternations per second, say two or three, we observe 
that the needle swings from side to side. As often as the current 
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changes its direction, just as often the needle alters the direction of 
its deflection. If, however, the number of alternations is greater, say 
twenty, thirty, or more, then the eye cannot any longer follow the 
quicker and shorter oscillations of the needle, and only the small and 
rapid vibrations of the needle about its position of rest can be 
observed. 

If we wind a coil of wire over an iron core and send through it 
an alternating current, the core will be magnetized like a core 
surrounded by a continuous current. It will also become able to 
attract pieces of iron and keep them fast. In carrying out these 
experiments with alternating currents we observe two secondary 
phenomena, which we do not observe with continuous currents. 
Firstly there is a loud humming noise, and secondly both the 
magnetized and the attracted iron become strongly heated. The 
heating we shall deal with later on. The noise may readily be under- 
stood from the nature of an alternating current. At the moment the 
strength of the current passes the zero line, the attractive force 
ceases, and the iron pieces tend, and even begin, to fall off the core. 
The falling very quickly ceases, since a very brief time afterwards 
the current increases and the iron is again attracted. This pro- 
ceeding, which is repeated as often as a change of the direction of the 
current occurs, causes naturally a corresponding noise or a sound, 
the pitch being higher or lower according to the number of the 
alternations. 

As it is with the magnetic, so it is with the electro-dynamic 
effects. If through a fixed and a movable coil we send the 
same alternating current, we observe the attraction or repulsion as 
with a continuous current (see p. 51, Fig. 48). This is easily 
understood. Assuming that, at any instant, the current in the two 
coils have the same direction, then these coils attract each other. At 
the same instant as the current changes its direction in one coil, 
it will also do so in the other coil. Thus the two coils are again 
traversed by currents in the same direction and attract each other. 

If, on the other hand, we send through one of the two coils a 
continuous, and through the other one an alternating current, then 
we shall observe neither an attraction nor a repulsion, but only 
a little vibration of the coils, since the first impulse of the 
attraction is immediately followed by the opposite impulse of 
repulsion, and these actions continue. 

Next let us try to get a chemical effect with an alternating current. 
For this purpose we have to connect the two electrodes of a voltameter 
(see Fig. 5) with the slip-rings of an alternator. We can observe 
then a production of gas at both poles, although not at one pole oxygen 
and at the other hydrogen, as is the case with continuous current ; 
but at both electrodes equal quantities of the explosive gas, consisting 
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of a mixture of oxygen and hydrogen, are liberated. With an alter- 
nating current each pole is first positive, and immediately afterwards 
negative, so that a bubble of oxygen, evolved from one pole, will 
immediately be followed by a bubble of hydrogen, this by a bubble 
of oxygen, and so on. 

Although we thus get chemical effects with an alternating current, 
it is impossible to separate the elements of a substance. For electro- 
lytic purposes and for electro-plating, where, with the aid of the 
electric current, we wish to separate metals from metal solutions — for 
instance, silver from a silver solution, or copper from a copper solution 
— alternating currents cannot be employed. It is also obvious that 
alternating currents cannot be employed for charging accumulators. 

No magnetic or chemical effects of an alternating current can 
be observed if the number of alternations per second is extremely 
great — say, for instance, many thousands. Then the molecules of 
iron or of the liquid have not sufficient time to follow the very 
rapidly changing pulsations, which tend to drive them at one 
iustant in one direction, and at the next instant in the opposite 
direction. 



Current Strength and Voltage of an Alternating 

Current 

We can measure the strength of an alternating current by means 
of its various effects ; for instance, its heating or magnetic effects. It 
is, however, necessary, before dealing with the different methods of 
measurement, to make clear the meaning that electrical engineers 
attach to the strength of an alternating current, since the latter 
varies between its maximum positive value, zero, and its maximum 
negative value. In speaking about the current strength, we gene- 
rally do not mean its maximum value. By an alternating current 
of 1 amp. we understand a current which would cause the same 
heating effect as a continuous current of 1 amp. This adopted value, 
also called the effective or virtual current, is naturally a mean value 
only. The maximum value of an alternating current is 1*41 times 
as great as the mean value ; or, in other words, the effective current 
is equal to about two-thirds, or, speaking more exactly, to 0*707 of 
its maximum value. 

A hot-wire instrument shows the right current both for alter- 
nating and continuous currents, since its reading depends on the 
heating effect. This follows from the definition of the strength 
of an alternating current ; for the deflection of 1 amp. on the hot- 
wire ammeter, tells us that the measured alternating current 
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produces in the instrument the same heating effect as a continuous 
current of 1 amp., with which the instrument has been calibrated. 

Exactly the same meaning is attached to alternating voltage. By 
effective or virtual voltage of an alternating current we understand the 
voltage of an equivalent continuous current, which produces the same 
heating effect, in a given ohmic resistance, as the alteraating current. 
A glow-lamp manufactured for 110 volts continuous current will 
therefore glow with equal light if switched on to 110 volts alternating 
current, although the instantaneous values of the alternating pressure 
vary, at each half-alternation, from zero up to nearly Ij^ times the 
effective voltage, that is, up to about 155 volts. 



Induction Effects of an Alternating Current 



h^ctal Ring 



Coil 



All experiments hitherto carried out with alternating currents 
have been similar to those with continuous currents. We must now 
deal with effects produced by alternating currents, which are not 
possible at all with continuous currents. 

Let us wind over an iron core, consisting of a bundle of fine 
wires or iron disks, a coil, so that the iron core projects beyond 

the coil. Next let us lay on the top of 
the coil a metal ring. As soon as an 
alternating current passes through the 
coil, the ring is knocked upwards as if 
by an invisible hand (see Fig. 183). 
It floats freely in the air, as if it had 
no weight, and gets extremely hot. If 
now we open the circuit, the ring falls 
back on the coil, and gradually cools 
down. 

From the heating and motion of the 
ring, we conclude that an electric 
current has been induced in it; from 
the direction of the motion, we may 
deduce the direction of the current. 
We know, from the experiments with 
the electro-dynamometer, that currents in the same direction 
attract each other, and when in the opposite direction, repel each 
other. Hence, we learn from the constant repulsion of the ring, that 
a current is induced in the latter which is always opposite to that 
of the coil. Representing this in a diagram, in Fig. 184, the full 
line shows the curve of the original {inducing or primary) current, 
and the dotted line the direction of the induced current. If, at any 




Fio. 183.— Repulsion of Metal 
Ring. 
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moment, the alternating current in the coil is directed upwards, then, 
at the same moment, the current induced in the riog is directed down- 
wards ; if the current in the coil changes its 
direction, then the current in the ring does 
the same. 

If the coil were traversed by a continuous 
current, one end of the iron core would be a 
north, and the other end a south pole, and 
the lines of force would therefore continuously 
flow in one and the same direction through 
the core. Since, however, the magnetizing 
coil is traveled by an alternating current, 
the magnetic field alters its direction re- 
peatedly. Thus, through the interior of the 
metal ring, which lies on the coil, lines of 
force flow that continually change their 
direction. These lines of force produce in 
the ring, which represents a winding closed 
on itself (see p. 57), an E.M.F., and hence 
a current, of continually changing direction, 
the number of alternations of which is 
naturally equal to the number of alternations 
of the primary current. 

Exactly the same action which arises in 
the metal ring or the secondary winding 
arises also in the primary coil itself, even if 
there is no secondary winding at all. Any 
winding of the primary coil encloses a 
magnetic field, the intensity and direction 
of which is perpetually altered. Thus, in 
each winding of the primary coil, there 
must, as in the secondary metal ring, be 
produced an E.M.F. which is opposite to 
the original one; that is to say, there 
exists a hack electro-miotive force, like that of the many examples 
with continuous currents we have considered; as in the cases of 
the electro-motor, the storage battery, and the arc lamp. The 
back E.M.F., produced by the inducing eflect of alternating currents 
on their own circuit (thus, by self-induction), causes tlie current 
flowing through the coil to become far smaller than would 
be calculated by Ohm's law. Obviously the back E.M.F. can 
never be equal to the primary E.M.F., since in this case no 
current would flow through the coil, the iron core would 
therefore not be magnetized, and at this moment the produciicn 
of the back E.M.F. would also cease. The back E.M.F. remains 




Fig. 184. 
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-as in the electro-motor — always a little less than the primary 
E.M.F. 

The heating of the secondary metal ring in 
our experiments teaches us why we must employ 
for this experiment a bundle of wires or disks 
instead of a solid iron core, and why the solid core 
we employed for demonstrating the electro-magnetic 
effects of an alternating current got extremely hot. 
Any portion of an iron core we may imagine as 
consistiog of many short-circuited iron riogs (see 
Fig. 185), and in all these ii-on rings cunents are 
induced as in the secondary metal ring. For this 
renson the iron cores of all alternating current apparatus have — 
like the armatures of continuous current machines 
— to be made of insulated iron wires, or from thin 
iron disks, which are insulated from each other by 
sheets of paper or by a layer of varnish (Fig. 186). 
Since with alternating currents a far greater number 
of alternations generally are employed than take 
place within the armature of a continuous current 
dynamo, the subdividing of the iron core has to 
be carried out further with alternating than with 
continuous current armatures. Whilst with the 
latter, disks of 002 inch thickness are employed, 
the thickness is generally reduced to 0*012 inch, 
and even to O'OOS inch with alternating current 
apparatus. 

Again, the bobbins for alternating current electro- 
magnets must never be complete metal bobbins. 
Whenever metal bobbins are employed, they have to be made with 
a slit (see Fig. 187), so that the bobbin itself 
cannot serve as a short-circuited secondary 
^vinding, and eddy, currents, and therefore 
heating, is avoided. To entirely prevent the 
production of these currents the bobbins are 
in many cases made of insulating materials. 



Transformers 

Fig. 187. 

The effects produced by alternating cur- 
rents dealt with in the last chapter, are of the utmost importance in 
practice. These efifects enable us to produce, without using any 
moving parts, an E.M.F., in a secondary coil which is wound over 
an iron -core, providing that there is also a coil (the primary). 




Fia. 186. 
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traversed by an alternating current, wound over the iron. Tlie voltage 
produced in the secondary coil may have any value, it may be larger 
or smaller than, or equal to, the voltage of the primary coil. 

The open iron core, employed in the experiment of Fig. 183, is 
not employed in this case. Obviously we want to get a strong mag- 
netic field with the smallest possible magnetizing current, and must 
therefore provide for the lines of force a closed path through iron. 
With the dynamo, having a movable part, an air gap in the magnetic 
circuit cannot be avoided, 
whereas with the trans- 
former we may have an 
entirely closed iron cir- 
cuit, as, for instance, the 
iron ring shown in Fig. 

188. The ring looks like PHmary^^ |_^8econdary 

a gramme armature. 
WhUst, however, with the 
latter the lines of force 
enter the ring from out- 
side, and the ring forms 
only a part of the mag- ^'*^- 188.— Ring TranBformer. 

netic circuit, with the 

transformer the lines of force are produced within the ring itself, 
and are closed in the ring, without leaving it. The secondary 
coil may be placed at any point of the ring. If the ends of the 
secondary coil are disconnected, then an E.M.F. is induced, whereas, 
if the ends are connected through an outer circuit — say, for instance, 
by lamps — a current will flow both through the coil and the 
circuit. 

We have now to consider, how great the voltage produced in the 
secondary coil will be. Let us assume the number of windings on 
the primary coil to be 100, and that it is connected with an 
alternating supply of 100 volts. Let the secondary be first of all 
opened. Then, as we know, the back E.M.F. produced in the 
primary coil will be nearly as much as 100 volts — say, perhaps, 
99 volts, or even a little more. For, since the lines of force are 
flowing entirely through iron, we want only a small number of 
ampere*tums for magnetizing the iron. Hence a very small pressure 
difference between primary and back E.M.F. is required for sending 
through the coil the magnetizing current for overcoming the ohmic 
resistance. Since now in the 100 windings of the primary coil 
a back E.M.F. of nearly 100 volts is produced, the back E.M.F. of 
each winding will be nearly 1 volt. Any winding of the 
secondary coil has, however, the same title to voltage as a winding 
of the primary, since both are traversed by the same magnetic 

Jigitized by CjOOQ IC 



1 90 ELECTRICAL ENGINEERING 

flux. The voltage produced in any winding of the secondary 
coil will, therefore, be equal to nearly 1 volt. If, for example, 
the secondary coil consist of 10 windings, then its voltage would 
be about 10, with 100 windings about 100 volts, with 1000 windings 
about 1000 volts, etc. The voltages of the secondary are to those 
of the primary coil exactly, or nearly exactly, as the number of 
windings on the two coils. 

Now let us connect the ends of the secondary coil with an outer 
circuit, so that the E.M.F. of the secondary coil may produce a 
secondary current. Then the iron core will no longer be traversed 
by the primary current only, but also by the secondary current. 
The latter is, as we have learned from the experiment with the 
metal ring, in an opposite direction to the primary current ; it tends 
therefore to demagnetize the iron core, and to weaken the flux 
of lines of force. As soon, however, as there occurs the slightest 
weakening of the flux, the back E.M.F. of the primary coil, which 
was before nearly equal to the terminal voltage, will naturally 
decrease. Even if the back E.M.F. decreases by 1 volt only, this 
will, at the small ohmic resistance of the primary coil, cause a 
considerable strengthening of the primary current. Thus through 
the primary coil as much more current will flow as is necessary 
to counterbalance the demagnetizing effect of the secondary coil. 
If, for instance, we had 10 secondary windings, and the current 
taken from them were 50 amps., then 500 secondary ampere-turns 
would cause demagnetization. Instantly 500 primary ampere-turns 
would result, and, since the number of windings of the primary coil 
is 100, its current would be equal to f {{^ = 5 amperes. 

Such an apparatus is called a transformer, because it enables 
us to transform a current of high voltage and small amperage into 
one of low voltage and great amperage, or vice versa. It regulates 
its primary current consumption according to the current taken from 
its secondary side, and is therefore quite as excellent an automatic 
regulating apparatus as an electric motor. 



Shape of Transformers 

The ring, as shown in Fig. 188, is theoretically the best shape for 
a transformer core. This shape has, however, the disadvantage, 
that the winding of the coils has to be done by hand, which is 
rather troublesome and expensive work. Hence shapes are gene- 
rally employed which enable us to use machine wound coils. In 
Fig. 189 such a shape is shown. The transformer consists of a 
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horseshoe-shaped main part, built up from thin iron disks with 
paper between them. The primary and secondary coils are pushed 
over the limbs of this part. After fixing the coils on the open end 
of the horseshoe, a straight piece, also consisting of iron disks and 
paper, is pressed to the top of the limbs and fixed by means of screws. 
We have now a closed magnetic circuit as before, but of a rectangular 
shape. The iron core of Fig. 189 is obviously not quite as good as 
that of Fig. 188. In the latter case, the magnetic circuit is entirely 
through iron ; but in the core of Fig. 189 there is between the main 
horseshoe part and the straight end piece a joint, which, though it 
may be very small, still represents an air gap. This transformer 
requires, therefore, a little more magnetizing current than a ring 



Fl 



Fio. 189.— Transformer with Horse- 
shoe-ehaped Iron Core. 




FiQ. 190.— Transformer with Coils 
Bubdivided. 



transformer, and wiU also have a greater magnetic leakage. If with 
this rectangular shape we fix a primary coil on one limb of the horse- 
shoe, and the secondary on the other, then we are able to observe a 
considerable difference in the voltage of any primary and secondary 
winding. The reason for this is that all the lines of force produced 
in one limb do' not pass the other limb, but a considerable part of 
them leaves the iron core at the edges and joints, and flows through 
the air. To prevent the disadvantageous effect of the magnetic 
leakage, the primary and secondary coils are generally subdivided 
into a number of smaller coils, alternately placed over the iron core, 
as shown in Fig. 190. In this case we have four primary and four 
secondary coils, which are fixed two at a time on each transformer 
limb. Sometimes the internal diameter of one coil is larger than the 

Jigitized by CjOOQ IC 



192 



ELECTRICAL ENGINEERING 




outer diameter of the other coil, so that on each limb the secondary 
coil may be pushed over the primary, or vice versa (see Fig. 191). 

Another transformer shape is 
shown in Fig. 192. Here the coils 
are wound over the middle iron 
core, which is then completed by 
two U-shaped yoke-pieces. The 
flux of lines of force is spread over 
the two yoke-pieces. The working 
of this transformer is obviously 
quite the same as that of the trans- 
formers described before. Practi- 
cally it has the advantage, that the 
coils are protected by the two yoke- 
pieces against mechanical injuries, 
and are enclosed as within a shell. 

In no part of a transformer 
which is exposed to the changing 
magnetic field must solid iron parts 
be employed, because these would 
be dangerously heated. Hence the 
bobbins are generally made from insulating materials. Solid iron 
bolts and castings must never be used in connection with the iron 



Fig. 191.— Transformer with Coils 
nvoiiDd one on the other. 





Fig. 192.— Shell Transformer. 



core. For the constructive part, however, they may be employed, 
but care has to be taken to prevent them from being traversed by a 
considerable number of stray lines of force. In Fig. 193 the general 
construction of a transformer (Ferranti type) is shown. 
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Applications of Transformers 

The transformer is of the utmost importance in the practical 
applications of the alternating current. The facility of change of 
pressure it affords has given it an important place in electrical 
engineering. 

We know, from what we have learnt about mains (see p. 33), 
the advantages high tension offers for the transmission of energy, but 




Fio. 193.— Ferranti Transfonner. (8. Z, de Ferranti, lAmii&l.) 



we are aware on the other hand how dangerous a high tension main 
can become in inhabited rooms. It would, for instance, be possible 
to generate with continuous currents voltages of some thousands, thus 
enabling an economical transmission of energy over distances of 
several miles. Since, however, the consuming apparatus, such as arc 
and glow lamps, can only be manufactured for comparatively low 
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voltages, a series connection of many lamps would be requiied. 
Further, the dangers of high-tension circuits would have to be carried 
into each room in which a lamp is used, invohing the special precau- 
tions which are specified in connection with high-tension mains. 

The alternating current transformer allows the transformation of 
high tension to any required low tension in a very simple and reliable 
manner. It does not require any attendance, is self-regulating, and, 
since in an apparatus in which the parts are all stationary the insidation 
between high- and low-tension coils can be made in a very perfect 
manner, a transformer is safer than any rotating machine can 
possibly be. From the secondary terminals of the transformer 
only low-tension cables lead, with which the house mains are 
connected ; thus no special provisions have to be made in installing 
lamps, etc. 

If we wish to obtain a similar transformation with continuous 
current, there is nothing left but to employ a high-tension con- 
tinuous current motor, which drives a generator supplying low- 
tension current. Continuous current con vertex's require, it must 
be remembered, since they are rotating machines, attendance and 
regulation. Further, their efl&ciency is far lower than that of 
stationary alternating current transformers of the same output. 

Sometimes alternating current transformers are employed for the 
transformation of low into high tension. Nowadays alternating 
current generators for 2000-5000, and even 10,000 volts can easily 
be manufactured. For power transmission on extremely long dis- 
tances, however, voltages up to 30,000 and even more are employed. 
It is then generally preferred to produce in the generators currents 
of comparatively low voltages ; to transform these currents by means 
of transformers into the high voltage required, lead this high tension 
to the places of consumption, and there step it down again by 
transformers to a pressure low enough to be used without danger 
to life. 



Phase- Difference 

Not only in transformers, but also in all alternating current 
circuits, self-induction causes specific phenomena. We know that 
any wire traversed by an electric current produces round it a 
magnetic field, the lines of force being in circles (see Fig. 40). With 
continuous currents this magnetic field is stationary and uniform 
as long as the current does not alter its strength. The field of a 
direct current, therefore, does not exert any reaction on the current 
itself, since, as we know, we must have an alteration of the field 
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intensity to produce induction efifects. On the other hand, the field 
produced by an alternating current changes its direction and strength 
continually, thus inducing, both in the conductor itself and in all 
neighbouring conductors, electro-motive forces. With straight con- 
ductors, in the neighbourhood of which there is no iron, the electro- 
magnetic whirl of force, and hence the E.M.F. of self-induction, is 
comparatively small. If, on the other hand, there are coils in the 
circuit, especially if they have cores of iron, the influence of the self- 
induction on the circuit is considerable. The E.AI.F. of self-induction 
may, of course, be also represented by a wave line, like any alternating 
current voltage and alternating current strength, but it does not 
reach its maximum value at the same time that the current 
strength reaches its highest value, and its zero occurs at a different 
time to that of the current. 

In Fig. 194 the course of an alternating current is shown by the 




Fio. 194. — ^Alternating-Current Curve. 



wave line. The magnetic field naturally reaches its maximum value, 
its zero point, and its minimum (negative) value simultaneously with 
the current by which it is produced. If, for instance, the current 
reaches the zero line, then there are no magnetizing ampere-turns, and 
no magnetic field can exist. When the magnetizing current reaches 
its maximum value, then the strength of field also reaches its 
maximum value. When, on the other hand, the magnetizing current 
is in the opposite direction, then the direction of the lines of force 
must also be in the opposite direction. The E.M.F. of self-induction 
can only be produced with an alteration of the magnetic field. The 
more rapid the alteration, the stronger the E.M.F. of self-induction 
will be. Whether the field itself is strong or weak, or whether it is 
directed in one or the other sense does not make any difference at all ; 
the essential circumstance being only the rate of growth or decrease 
of the field. 
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The above figure represents the growth and decrease of the 
magnetizing current, and therefore also the growth and decrease of 
the strength of field. Considering the figure, we observe distinctly 
that at a, c, and c — that is, at the highest and lowest positions — the 
field for a moment does not alter its strength at all. Up to a the 
current has grown, but at a the growing of the current stops for a brief 
interval. From there it falls again, first slowly, then quicker and 
quicker. The inclination of the wave line, a^d hence the decrease of 
the current, is greatest at h, where the current passes the zero line. 
On the current falling still further, the inclination of the wave line 
becomes less steep, and the fall is slower, until the lowest point, c, is 
reached. At this moment a point of rest occurs again for a moment, 
then the field grows, first slowly, then more quickly up to rf. 
Thence it continues to grow up to the highest point e, but the 
rate of increase is again a slow one. From this it is clearly 
seen that the rate at which the current, or the field which it 
produces, changes differs from point to point. When the current 
reaches its maximum value there u no field alteration at all, and 
when the current passes the zero line, the field changes at the 
most rapid rate. 

We may compare this with the differences in the length of day 
and night at the different seasons. In winter and summer, when 
the days last eight hours less or more respectively than the nights, 
the alteration in length from one day to another is hardly perceptible ; 
whereas in spring and autumn, when the days and nights are almost 
equal, the alteration in the length of consecutive days is very 
apparent. 

The E.M.F. of self-induction depends on the rate of the alteration 
of the field. Hence it is greatest when the current passes the 
zero line, decreases with an increasing current, and becomes nil as 
the current reaches its maximum value. For determining the 
dii-ection of the induced E.M.F. we have only to consider that it is 
always opposite to the alterations of the field, thus being positive, 
when the field decreases, and negative when the opposite is the 
case. This rule enables us to draw a line in the form of a wave, 
representing the E.M.F. of self-induction (see Fig. 195). A glance 
at this diagram shows that the E.M.F. of self-induction is a quarter 
of a wave or a quarter of a period behind the producing current. This 
signifies that the current has at any definite moment a maximum 
value, which is reached by the E.M.F. of self-induction a quarter of 
a period later. 

This is the case with the theoretical transformer, the secondary 
circuit of which is open. The transformer is then not loaded, therefore 
through the primary coil only a small magnetizing current flows, and 
this lags a full quarter-period behind the impressed voltage. 



Digitized by 



Google 



ALTERNATING CURRENTS 



197 



With continuous currents we calculated the watts required in 
any circuit simply by multiplying voltage and current, or — 

Volts X amps. = watts. 

It is quite diflferent with alternating currents. The power used 
at any instant is still, of course, determined by the product volts 
X amps, at this particular moment, but we must never forget to 
multiply together the voltage and current that belong to each other. 
In other words, the product of the simultaneous values of current 
and voltage must be taken. 

Now, just at the moment when the voltage has its maximum 
value the current is zero, and when the latter has its maximum 
value the voltage is zero, the product of voltage and current, the 
watts, thus being at these times, in both cases, without value. 

This fact can be made clearer by an example from daily life. 




Pro. 195. 



Imagine a workman who is sometimes diligent and at other times 
lazy, in an untidy workshop, where the tools are frequently lost. If 
he cannot find his tools just at the moment when he is most inclined 
to work, or again, if he discovers them when he is inclined to be lazy, 
he will not in either case do useful work. The phase-diflference 
between the possession of tools and inclination to work brings about 
a working result of zero value, although there is sometimes inclination 
to work and sometimes these are tools. If the " phase-difference " 
is not quite as great — that is to say, if the man finds the tools 
just before he has lost his inclination to work, the result will not, 
of course, be nil, but it will surely be smaller than if the possession 
of tools and full inclination to work had been simultaneous. 

Similarly, the electrical effect, the watt output, is smaller when 
a displacement of voltage, as regards the current, exists, and will be 
smaller the nearer the phase-difference approaches to a quarter 
period. If the current has only magnetizing work to do, as is the 
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case with a theoretically unloaded transformer, then there is no watt 
output. 

The magnetizing current which is displaced by a quarter- period 
from the voltage is therefore called a wattless current. In the case 
of a theoretical unloaded tmnsformer, we have only wattless 
current. 

The reverse of a wattless current is a watt current— that is, 
a current which has no phase-difference from the voltage. If the 
voltage reaches simultaneously with the current its highest, its zero, 
and its lowest value, then we get the maximum of work that can 
be done with these current and voltage values. The output may 
then easily be calculated by multiplying the effective voltage by the 
effective current. With a circuit without self-induction this is really 
the case. If, for example, we measure the effective voltage as 100 
volts, and the effective current as 40 amps., then the output is 
4000 watts, exactly as with a corresponding continuous current. 

A circuit absolutely without self-induction does not exist, but 
frequently the self-induction is very small — for instance, with glow 
lamps. If with the secondary coil of a transformer we connect a 
number of glow lamps, then through the secondary circuit nearly a 
pure watt current flows. Thus to the wattless magnetizing current, 
which was in the primary coil before, a watt current will be added. 
The resulting current now flowing in the primary coU is, of course, 
neither absolutely in phase with the voltage nor displaced by a 
quarter period. Its displacement becomes smaller the more the secondary 
of the transformer is loaded. With a fully loaded transformer the 
small wattless magnetizing current is practically negligible when com- 
pared with the large watt current, so that a phase-difference can hardly 
be observed. Henjce, if the fully loaded transformer takes 300 amps, 
at a voltage of 100, this will correspond practically with 30 kilowatts. 

Our discussions about an unloaded transformer have hitherto 
referred to the theoretical case. With a commercial transformer the 
phase-difference is not really a quarter period. We have learned 
that only a wattless current — that is, one which does not produce 
any effect, like the mere magnetizing current of the primary coil of 
an unloaded transformer — has a la^ equal to a full quarter period 
behind the voltage. As a matter of fact, even in transformers with 
an open secondary circuit, secondary currents are produced, since the 
separate iron disks form closed circuits, and, even if they are very 
thin and of high resistance, eddy currents flow through them. These 
currents act like those produced in the secondary windings when 
their circuit is closed. Now, whenever a current flows in the 
secondary circuit a watt current enters the primary coil. It will 
therefore be quite clear that through the primary coil of an unloaded 
transformer a certain amount of watt current must flow. The 
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transformer will always consume as much energy as is transformed 
by the eddy currents in its core into heat. The phase-difference 
between current and voltage of an unloaded transformer is therefore 
always somewhat less than a quarter period, and the watts taken 
are always greater than zero, but far less than the product of voltage 
and current. 

The self-induction of a coil with an iron core may be used with 
advantage in installations of arc lamps, so as to avoid loss of energy. 
If we connect a single alternating current lamp, requiring a voltage 
of about 30, with 110 volt mains, we have to absorb about 80 volts 
in a series resistance. An 8-amp. lamp consumes 8 amps, x 30 
volts. = 240 watts. In the series resistance, as much as 8 amps. 




Fio. 196.— Choking Coil. (The General Electric Company.) 



X 80 volts. = 640 watts would be lost ! Thus the dynamo had to 
supply 880 watts for this single arc lamp only. If, on the other 
hand, we employ, instead of the series resistance, a " choking coil " — 
that is, a coil wound over an iron core, similarly to a small 
transformer, but with a single coil only (see Fig. 196), — then in this 
coil a back E.M.F. is produced, which causes a great phase-difference 
between current and voltage. The current will, of course, in this 
case have to be again 8 amps., also the voltage of lamp and choking 
coil together will be 110 volts; but the watts taken will be far less 
than 880— perhaps not much more than the 240 watts required by 
the arc lamp itself. Naturally this arrangement cannot be used with 
continuous currents. 
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The property of self-induction and phase-difference between 
current and voltage is inherent in all alternating current circuits, 
especially in coils with iron cores. Hence electro-magnetic measuring 
instruments show different deflections with continuous and alternating 
currents of equal strength. If they be used for alternating current 
work they must be calibrated with an alternating current of the 
same number of periods. For the E.M.F. of self-induction is much 
less with a current of 50 than with one of 100 periods. The 
instrument will therefore be incorrect for any other periodicity than 
that for which it has been calibrated. 



Wattmeter— Power-Factor 

For determining the watt consumption of an alternating circuit, 
it is not sufficient to measure the effective voltage and current. For 

this purpose it is therefore 
necessary to employ an 
instrument which at any 
moment is influenced by 
the simultaneous values of 
current arid voltage, i,e, an 
instrument which directly 
indicates watts. Such an 
instrument, the construction 
of which is shown in Fig. 
197, is called a Wattmeter. 
It is similar to the electro- 
dynamometer, mentioned 
on p. 51, with the differ- 
ence only that it is not, 
like the electro-dynamo- 
meter, wound with wires of 
equal, but with wires of 
different diameter. The 
wattmeter essentially con- 
sists of a fixed coil, of few 
windings made of thick 
wire, through which (as 
with an ammeter) the main 
current passes, and of a 
movable coil, with a few 
windings of fine wire, whicli 
(like a voltmeter) is in series with a resistance, and is directly 
connected on the full voltage. To prevent any phase-difference 




Fio. 197.— Wattmeter. 
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between the shunt coil current and the voltage producing it, the 
movable coil and the series resistance must have small self-induction 
Hence there must, (1) be no iron in 
the apparatus, and (2) the coils of 
the resistance in series with the coil 
must be "doubly wound," as is 
shown in Fig. 198. A winding of 
this kind prevents self-induction, 
since to any winding, tending to 
produce a field in a definite direction, 
there is opposed a neighbouring Fig. 198.— Spiral without Self- 
winding, tending to produce a mag- induction, 
netic field in an opposite direction, 

so that no magnetic field results. The shunt coil within the watt- 
meter itself cannot, of course, be wound in this way, since it then 
would be unable to exert a directive force. It possesses, therefore, 
a certain, although small self-induction, because the coil consists of 
very few windings. The self-inductionless series resistance has, in 
addition, an important influence in preventing lag, which depends 
not only on self-induction, but also on the ohmic resistance of the 
circuit. 

To keep the fixed and the movable coils always at the same 
position at right angles to each other, so that their repelling action 
cannot be weakened, the movable coil has always to be turned back 
to its original position. For this purpose in the centre of the dial 
there is a milled head, with a spiral spring attached to it and to the 
movable coil. The strouger the repelling force, the greater is 
the angle we have to twist the spring through by using the milled 
head in order to turn the movable coil back to its zero position. 
The head has a pointer attached to it, so that we can read on the dial 
how much we have turned the head and hence how great is the torsion 
on the spring. The dial being usually divided into 360 degrees, it 
is necessary to calibrate the instrument. This may be done with a 
continuous current, by sending, for instance, a current of 10 amps, 
through the main coil, and connecting the shunt coil with its series 
resistance to a source of 100 volts. If now, to bring the shunt 
coil back to its zero position (to help in doing this a small aluminium 
pointer is fixed to the shunt coil, and is bent up to reach the dial), 
we had to turn the knob through 30°, we then know that 30° 
correspond to 1 kilowatt, thus 1° corresponds to 33J watts. 

The force with which the movable coil is repelled or attracted by 
the fixed coil depends with alternating current at any moment 
on the instantaneous values of current and voltage. Since, as wo 
know, the product of instantaneous voltage X instantaneous cur- 
rent Ideally is equal to the instantaneous power in watts, the 
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wattmeter will at any moment indicate in a correct manner the 
output of, or the watts taken by, an alternating current circuit. If 
current and voltage are exactly in phase, as is, for instance, nearly 
the case with a glow-lamp circuit, the reading on the wattmeter will 
be exactly equal to the product of the voltage and current as indicated 
by suitable instruments, such as a voltmeter and an ammeter of the 
hot-wire type. If, for instance, in a glow-lamp circuit we read 
on the voltmeter 100 volts and on the ammeter 10 amps., then the 
wattmeter will indicate 1000 watts. If we had in circuit a phase- 
difference of a quarter period, the wattmeter would stop at zero. 
The voltmeter would, for instance, show 100 volts, the ammeter 
10 amps., and the wattmeter nothing. 

The product of volts x amps, is called the apparent watts, that 
indicated by the wattmeter is the real or effective watts. From the 
ratio between the real and the apparent watts we are able to 
calculate the phase-difference. The ratio, that is the number we 
get by dividing the real by the apparent watts, is called the power 
factor. With an inductionless load the power factor is equal to 
unity, with an inductive load it is smaller than unity, and with a 
phase-difference of a quarter period it is zero. Instead of the 
expression " power factor," for mathematical reasons the expression 
cos is generally preferred (where is the angle of lag and cos ^ 
indicates the cosine of this angle). 

If the power factor is known, we can even -without a wattmeter 
determioe the real watts used. If, for instance, cos = 0*9, then with 
a current of 10 amps, and a voltage of 100, the real watts will be 
100 X 10 X 0-9 = 900 watts. If with an unloaded transformer, 
consuming 100 volts and 40 amps, cos = 0*3, then its real eon- 
sumption = 100 X 40 X 0*3 = 1200 watts. With a fully loaded 
transformer, consuming 100 volts and 300 amps., the power factor 
(cos ^) might be equal to 0*99, its real consumption being then 
100 X 300 X 0-99 = 29,700 watts. 

There are instruments for measuring directly the power factor, 
which are, however, not often in use. They are called phasemeters. 
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ALTERNATORS 



There are many kinds of alternating- current generators or alter- 
nators. The simplest we became acquainted with in the form of 
the "magneto-electric machine." A Gramme ring may also be 
employed as an alternator armature. Its construction is then still 
simpler than that of a continuous current armature. The commutator 
can be omitted, and two opposite windings have to be connected by 
wires with two slip-rings. This is shown diagraramatically in Fig. 199, 




Fio. 199.— BiDg Armature with Slip-rings. 



in \\ hich, for the sake of distinctness, the two slip-rings are indi- 
cated by circles of different sizes. If the windings a and J, with 
which are connected the slip-rings, are situated just in the neutral 
zone, then the conductors of the left half are in series, and also those 
of the right half. The two halves are in parallel, and we get at this 
moment the largest voltage, the same as would continuously appear 
if the armature were built for continuous current. If, however, the 
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windings a and I leave the neutral zone (as shown in the diagram), 
then one part of the windings of each half is under the influence of 
the north, the other part under the influence of the south pole, and 
the voltage of each half becomes therefore smaller. If the windings 
a and I are horizontal, then in each half there are as many wires 
under the influence of the north as under the influence of the south 
pole, and the momentary voltage becomes zero, whilst at the next 
moment the voltage is reversed. As the armature continues to 
revolve these changes of pressure are repeated, so that a regular 
alternating current pressure is produced between the two slip-rings. 

Naturally in a four- or multi-polar magnetic frame, ring arma- 
tures can also be employed for producing alternating currents, 
provided that the series or parallel connections of the windings and 
the connection with the slip rings are made in a corresponding way. 

Multi-polar machines are generally employed, since, to obtain the 
usual periodicity of 100 per second, or 6000 per minute with a 2-pole 
machine, a speed of 3000 revolutions per minute would be required, 
whereas with a 4-pole machine but 1500, with a 6-pole machine 
1000, and with an 8-pole machine 750 revolutions per minute are 
necessary. 

For exciting the field of an alternator, continuous current is essential, 
and is supplied either by an outer source of current or by a special 
small continuous current machine, coupled directly to the alternator. 

In cases in which a Gramme armature is employed as an alternator 
armature, besides the slip-rings there is frequently fixed on the 
armature a commutator, enabling the machine to supply continuous 
on one, and alternating current on the other side. The continuous 
current may then be used for exciting the magnetic field. Such a 
double-curreiit machine is shown in Fig. 200. 

Ordinary continuous current drum armatures may also be used 
in this manner and provided with slip-rings. The latter have 
then to be connected with two armature wires, which are distant 
by the width of one pole-shoe. 

There are other drum windings, which are quite different from 
those of continuous current armatures, and only serve for producing 
alternating currents. The simplest example of an alternating current 
drum-armature is the Siemens' H armature (see Fig. 55). This 
armature is provided with a single slot per pole, and the windings 
are wound as a coil through the two slots, which are opposite to 
each other. With this armature all the conductors employed in 
inducing E.M.F. have at any moment equal positions in the magnetic 
field. AH the wires are either in the neutral zone, or in any 
position between the poles. Thus, with this winding in, all the 
wires are at any moment either induced equal voltages, or none 
at all 
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We may also express this as follows : — With a drum-wiuding, 
which is wound like a continuous current winding, in the series 
connected conductors, E.M.F.'s are induced, which are not in the 
same phase, whereas with the two-slot alternating current winding 




Fig. 200.— Rotary Converter. (British Schuckert Co.). 



the E.M.F/S of all the conductors are at any time equal in phase. 
Thus 100 conductors, wound as a continuous-current armature, will 
not be as efifective as 100 wires wound within the slots of a 2-slot 
alternating current armature. On the other hand, we can obviously 
place more conductors on the whole arma- 
ture circumference than in two slots. 

Instead of a single slot per pole there 
might as well be two or more slots, as 
shown in Fig. 201. But it is clear that 
such a winding, even if there are many 
slots, is very different to a continuous 
current winding. With the alternating 
current winding the armature is wound 
so that all the coils, if traversed by a con- 
tinuous current, would tend to magnetize 
the armature in the same direction. 

The winding diagram of a 4-pole machine, having a single slot 
per pole, is shown in Fig. 202. Both coils must be connected in 
series in a suitable manner. The windings shown in Figs. 55, 201, 




Fig. 201.— Armaturo with 
three slots per pole. 
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Fig. 202.— Four-pole Armaturo 
with Single iSlot per Tola 



and 202 are all open windings, whereas the drum and ring 
armatures have closed windings. 

Since the alternating current arma- 
1 I ture does not require a commutator, 

the attention that it requires is much 
l<:::==::::^J less, and the wear and tear of the slip- 

rings is generally less, than that of a 
commutator. Notwithstanding the 
brushes of an alternating current 
dynamo also require attendance, since 
they are worn through friction and 
have to be readjusted from time to 
r<:::=z::::>^ time. Sparking might even take place 

I at the brushes if the contact with the 

I I slip-rings is not sufficiently good. 

With high - tension generators 
brushes and slip-rings must be avoided 
whenever possible. Now, with alter- 
nating current generators it is quite easy to build the armature 
as the stationary, and the magnetic frame as the rotating, part. From 

the stationary part the 
alternating current may 
then be taken without 
slip - rings or brushes, 
merely by means of tixed 
terminals and cables. 
A scheme of this type 
is shown in Fig. 203. 
The Gramme armature 
is arranged on the out- 
side, and in the interior 
of it the magnet sys- 
tem rotates. The arma- 
ture is divided into four 
quarters, and opposite 
points are connected with 
each other, exactly as is 
ihe case with an ordinary 
ring armature. There is 
naturally no difference 
in the inducing action 
whether the armature or 
the field rotates. 
Very often a drum winding is used instead of a ring winding— for 
the reason that the fixing of the armature and its building up within the 




Fio. 203. — Four-pole luner-polo Generator with 
Bing-armature. 
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Fig. 204.— Eight-pole Inner-pole Alternator. 
{Brothers KOHing,) 



casing is simpler. Fig. 204 shows the general construction of an 
8-pole machine, having two slots per pole. All the eight coils of the 
armature are connected 
in series, and wound 
clock and counter- 
clockwise alternately. 
Since now the coils are 
first under the influ- 
ence of a north and 
then of a south pole, 
this winding will give 
a proper series connec- 
tion of all the induced 
electro-motive forces. 

Such inner - pole 
machines with sta- 
tionary armatures are 
far more reliable than 
machines with rotating 
armatures. The arma- 
ture wires are gene- 
rally threaded through entirely closed mica or insulating press- 
pahn tubes, which are embedded in the slots. The closed tubes 
have a very high insulating power, so 
that even with high voltages there is 
no fear of their breakdown and the 
leakage of electricity from the winding 
to the iron part. The single wires do not 
require very good insulation, since the 
pressure difference between the wires is 
comparatively small. 

The rotating magnetic field must be 
excited by a continuous current, it is 
therefore provided with two slip-rings, 
by means of which the continuous current 
is supplied. For excitation a low- voltage 
current of about 65 to 110 volts is 
generally used. Thus, slip-rings and 
their brushes do not present any 
danger. 

Shapes of slots generally used with 
alternating-current machines are sho\^Ti in Fig. 205. The slots 
are here generally far larger than those of continuous current 
machines. They are either open or, more frequently, nearly closed, 
and of rectangular, circular, or oval shape. With high-tension 
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generators eutirely closed slots and insulating tubes are generally 
used. 
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Another method of machine construction is shown in cross-section 
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in Fig. 206. The magnet wheel consists of two halves. On the 
circumference of each half are provided tongue-shaped extensions, 
arranged so that in the spaces of the right half the extensions 
of the left half project, and vice versa. These tongue -shaped 
extensions represent the poles. The single field coil is enclosed by 
the two halves of the magnet, and thus rotates with them.* It tends 
to produce, in the direction of the axis of the magnet wheel, on one 
side north, and on the other side south, polarity. Thus the 
tongue-shaped extensions on the left become of north polarity, 
those on the right of south polarity. Since now the extensions 




Fio. 207.— Inductor Type of Machine. {McMckinenfdbnk Oerlihon.) 



belong alternately to one and the other haK, we have here a row of 
alternating north and south poles, like the magnet wheels previously 
described. Both these types of alternating current machines belong 
therefore to the " alternating pole type." 

With both types the exciting current has to be led to the rotating 
part by means of slip-rings. 

Another type of alternating current machines is represented by 
the inductor ^e, shown in Figs. 207, 208, and 209. As may 
be seen from the illustration (Fig. 209), the magnet wheel has no 
winding at all. It has on each side live (or with larger machines 
more) pole pieces. By a stationary coil, fixed in the casing. 
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the rotating iron part is magnetized, one side with its pole pieces 
becoming north, the other side south, magnetic. The stationary 




Fio. 208.— Armature and Exciting Bobbin of Inductor Madiine. (Maschinenfabrik Oerltkou.) 

casing contains, besides the exciting coil, two armatures, which 
are built up in the usual way with iron disks, forming lings 
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Fio. 209. — Magnet syatem of an Oerlikon Indnotor 
Alternator. 



surrounding the pole pieces of the right and left sides reapectively. 

The two armatures are provided with windings in slots. A small 

continuous current 

dynamo, generally 

fixed beyond one of 

the healings, supplies 

the necessary exciting 

current. 

The course of the 
lines of force in this 
machine is as follows : 
The lines of force, 
produced by the sta- 
tionary exciting coil, 
leave the pole pieces 
in one, say the left, 
side, enter the left 
armature, and pass 
through the case — 
which is generally 

made of cast steel, sometimes of cast iron, — flow through the right 
armature, and from there back to the pole pieces of the right-hand 
side of the magnet wheel. Thus with this machine the wires are not 
alternately under the influence of a south and a north pole, but the 
wires of one half, say, for instance, those of the left, are always acted 
upon by north poles, those of the other half always by south poles. 
Hence if with this machine we connected the armature wires in the 
same way as we did with the alternating-pole machines — viz. always 
two wires which are distant by the width of one pole — the resulting 
E.M.F. would be nil ; the reason being that the two wires connected 
with each other would be under the influence of a pole of the same 
name, and thus then* KM.F.'s would act against each other. 

To avoid this we must not lead the winding from one pole to 
the next one, but must complete each coil by passing the winding 
through the space between poles of the same name. The separate 
coils then may be connected in series as usual. 

We want, therefore, with such a machine twice as many slots as 
there are poles, and only half the wires are at any moment effective 
in producing an E.M.F. From this it will le clear that this 
machine is heavier, and thus more expensive, than one of the 
rotating-field type of equal output. It has, on the other hand, the 
advantage of the absence of any rotating windings, and thus of any 
slip-rings. Since, however, the rotating windings and the slip-rings 
of a rotating-field machine do not give any trouble, this advantage is 
not a very important one. 
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The right and the left half of a continuous-pole type represent, 
in a manner, two separate machines, but we may as well connect 
their windings in series and so get the double voltage. 

The most up-to-date type of alternating current generator is that 
of the alternating pole type with radial poles, which revolve. (See 
Frontispiece.) 

Switchins: in Parallel of Alternating: Current 
Machines— Synchronizer 

To run two alternating current generators in parallel, several 
conditions have to be fulfilled. The second machine must— as in 
the case of continuous current machines — be brought to the same 
voltage as the first one; it must run with exactly the same speed; 
and it must, at the moment of switching in parallel, be equal in 
phase with the firat machine. The exact correspondence of speed and 
phase is called " Synchronism." 

With mechanical speed measuring devices — tachometers and 
speed-counters — it is impossible to determine the speed as accu- 
rately as is necessary 
for this purpose. There 
A^^x^ qA' is, however, a very in- 

genious and simple device 
which indicates electri- 
cally small difiTerences in 
the speeds. 

In Fig. 210 the two 

double circles represent 

Q g, two single -phase alter- 

Pio. 210.-Synchroiiiziiig Lamp Connections. ^ators, which can be 

connected by means of 
a single-pole switch, AA'. 
In parallel with the latter there is connected a glow lamp which is able 
to stand double the voltage of either of the alternators. When the 
switch is open there is a closed circuit, in which the two machines 
and the lamp are connected in series. If the two machines were 
continuous current machines, there would be only two possibilities : 
either they work in series, so that their voltages are added, or they act 
in opposition, so that the resulting voltage is zero. If both machines 
were designed for 110 volts, then in the first case the lamp receives 
220 volts, and bums with its normal intensity. In the second case the 
lamp does not glow at all. On the other hand, with alternating 
current machines there are between these two extremes many other 
possible cases. According to the phase-difference between the two 
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machines, all voltages between double and no voltage may be given to 
the lamp. 

If now we want to switch the two machines in parallel, we 
have to watch the lamp. Supposing that machine II. is running 
a very little slower or quicker than machine I., then the lamp 
will glow for one moment, and be dark the next. At the 
instant, when the voltages of the two machines are equal in 
phase, the lamp will remain dark, and at any other period, in which 
the phases are displaced by half a period, the lamp will bum with 
its maximum intensity. If two 60-pole machines differ in their 
speeds by four revolutions per minute, the 'flickering of the lamp 
will appeal' 240 times per minute. In this state the machines must 
naturally not be switched in parallel, but the steam-engine of the 
second generator must by some means — say, for instance, by adjusting 
the governor, be brought to the right speed. The nearer the alternator 
approaches the right speed, the slower the flickering will become ; 
and when it is very slow, we can use the moment the lamp is dark 
again to switch the machines in parallel. The machines are then in 
the same phase, and will remain so, since if one machine tends to 
slow up it will be driven by the current of the other machine. 

Instead of a lamp a voltmeter may be employed. As long as the 
voltmeter pointer swings quickly backwards and forwards, the 
machines must not be switched in parallel, but if the vibrations 
become very slow, the moment when the pointer is at zero may be 
used for closing the switch. 

The arrangement of Fig. 210 has a disadvantage : the machines 
have to be switched in parallel at that moment when the lamp 
indicates no pressure. This moment is rather difficult to determine, 
since a 110- volt lamp becomes dark long before the voltage is 
nothing, generally at about 
15 to 20 volts. Hence it 
may happen with this 
arrangement that the 
machines are switched in 
parallel, whilst there is 
still a considerable differ- 
ence between the two vol- 
tages, and a sudden rush 
of current be caused. 

To obviate this an 
arrangement is often 
employed, which diagram- 
matically is shown in Fig. 
211. The machines, to be switched in parallel, are first separated 
by a 2-pole switch. Two glow lamps, each of the voltage of one 




Fio. 211. — Synclironizing Lamps cross-conneoted. 
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of the generators, are in cross-connection with the two machines, 
thus one lamp is connected with A and B', the second with B 
and A'. The current flows from the terminal A of machine I., 
through the upper lamp to terminal B' (6) of the other machine, 
through this machine to terminal a (A'), from there through the 
lower lamp to the second terminal B of the first machine. If both 
machines are in phase, A is equivalent in voltage to A', and B to B' ; 
thus the lamp switched on A and B' will glow with the same voltage 
— that is, with a single generator voltage — as if it were switched 
on A and B. It is exactly the same with the second lamp. If the 
machines happen to be exactly opposite in phase, then A is equivalent 
to B', and B to A' ; thus the lamps will remain dark. At any other 
phase-difference the lamps will glow, but not as brightly as when 
in phase. Hence the switching in parallel has, with this arrange- 
ment, to be done at the moment when the lamps are brightest, 
which point can be far better observed than when they are dark. 

The connections described can only be employed with low 

voltages. For medium voltages, say 300-500, it will be necessary 

to use, instead of single lamps, groups of 3-5 series connected lamps. 

With still higher voltages this is inadmissible. Hence, with 

high-tension generators, the lamps are not put in the high-tension 

circuit, but small trans- 
formers are employed, 
to the low-tension side of 
which the lamps are con- 
nected. In Fig. 212 the 
diagram of connections 
is shown. If A is equal 
in phase with A', then 
the low - tension termi- 
nals of the transformers, 
viz. a and a', are equal in 
phase. Since now a is con- 
nected with h\ and a and 
a are in series with the 
lamp, the voltages of the 
low-tension coils of the 
transformers are added, 
and the lamp will glow with its maximum intensity. The trans- 
formers are generally designed so as to produce a low-tension voltage 
of 55. If, then, the machines are equal in phase, so that the low 
voltages of the transformers are added, a 110 volt-lamp will just 
bum with its normal intensity. The procedure for switching in 
parallel is exactly the same here as with the previous arrangements. 




Fio . 212.~ Arrangement of Synchronizing Lamps 
for High Tension Cirouits. 
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CHAPTER X 

ALTBRNATIJNO-GUERENT MOTORS 

Synchronous Motors 

Alteun.vtimg currv3ats have the great advantage over continuous 
currents that, in the stationary windings of a generator, high 
voltages may be produced easily and without danger, and this high 
pressure may be subsequently "stepped down" by stationary 
transformers to a conveniently low pressure. In spite of this, for 
a long time the difficulty of building proper alternating current 
motors has impeded the progress and extension of alternating 
current supply. 

There are different kinds of alternating current motors. Our 
first thought will naturally be, whether we cannot use an alternating 
cun-ent generator as a motor, as we are 
accustomed to do with continuous current 
machines. Let us consider this case by 
the aid of Fig. 213, which represents the 
simplest type of an alternator, viz. the 
Siemens armature with a single armature 
winding rotating in a 2 -pole field excited 
by continuous current. If through this 
winding we send, by means of two slip- 
rings, a current in the direction marked 
by a dot and cross respectively, then the 
armature will tend to rotate clockwise. '®' 

Now the motor wants a definite time 

for starting. But before it has started to move, the current has 
already altered it« direction ; thus the armature now tends to rotate 
in the opposite direction. With a current of 100 alternations per 
second no rotation of the armature will take place, but merely a 
vibration will be noticed, just as we have seen with a magnetic needle 
surrounded by an alternating current. This motor cannot, therefore, 
be made to start by an alternating current. 

Assume now that we are able to keep the current in the direction, 
as marked in Fig. 213, until the armature has started to rotate and 
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has made half a revolution. Whilst the wires are in the neutral 
zone again, let us reverse the current. The armature now possesses 
a certain amount of live energy, so that it can pass the dead 
points which occur when the wires are in the neutral zone. After the 
reversal of the current the wire which was previously under the 
influence of the north pole, will now be under the influence of the 
south pole, and vice versa. Since, however, the current has altered its 
direction, the rotation of the armature in the same direction will 
continue, and the armature will therefore rotate more rapidly. 
Obviously we must, just at the moment the wires pass the neutral 
zone, alter the direction of the current, or the rotation cannot be 
maintained. 

To start a motor in this manner is naturally impossible, since 
an alternating current supplied for driving a motor has its normal 
periodicity from the beginning. Nevertheless we have learned from 
this consideration that, if such a motor be once brought to its full 
speed, it can be kept in rotation and do work. Thus we must 
start the motor by some auxiliary power before switching it on the 
mains, and bring it to its full speed — that is to say, to that speed 
which corresponds to the number of alternations of the current 
supplied. If, for instance, the latter makes 6000 alternations per 
minute, then we have to bring the armature to a speed of 3000 
revolutions per minute, and after having made sure that the neutral 
armature position coincides exactly with the change of direction 
of the alternating current, t.6. that motor and generator are " syn- 
chronous," we can switch the motor on the source of current. To 
ascertain whether motor and generator are in synchronism we use 
a synchronizer as described at the end of the last chapter. 

This type of motor is called a aynolironoas motor. Any alteruating 
current generator can run as a synchronous motor. The speed of a 
synchronous motor is quite a definite one, and may easily be found 
from the number of alternations of the current and the number of 
poles of the motor. A 2-pole machine will with a current of 6000 
alternations per minute run with 3000 revolutions per minute, and 
an 8-pole motor with 750 revolutions. If from any reason — say, for 
instance, a heavy overload of the motor — its speed falls oflf but as 
much as half the width of a pole, then the motor is almost instantly 
stopped. For, while the armature conductors are still under the 
influence of one pole, there are produced forces, due to the change 
of the current, which tend to drive the motor in an opposite 
direction. Thus the motor is subjected to a powerful braking 
action, and stopped in a short time, while consuming a large 
current. 

This type of motor has, therefore, two considerable disadvantages. 
It requires an auxiliary power for starting, and is stopped if, 
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for any reason, the synchronism is destroyed. It may be compared 
to a novice in cycling. He cannot by himself get on a bicycle and 
set it into motion, but once the machine is brought up to sufficient 
speed, he is able to keep it from falling. If, however, he is impeded 
by any obstacle in his run, he falls, and a new start has to be made 
with the help of an assistant. 

Hence, for many purposes, synchronous motors cannot be em- 
ployed at all — ^as, for example, for the purpose of driving shafts in 
small workshops, having no other power at liberty for starting the 
motor. Likewise a synchronous motor cannot be employed in cases 
where frequent starting, or a strong effort at starting, is necessary, 
as is the case with cranes, lifts, and railways. 

On the other hand, the synchronous motor has certain advantages. 
First of all, the speed of the motor is very uniform, a property very 
desirable in many cases. Further, the synchronous motor has a 
decided advantage over all other alternating current apparatus, in the 
fact that no phase-diflFerence between voltage and current is caused 
by it. We shall later on deal with other alternating current motors, 
which do not require a field excited by a continuous current. 
These motors, on the other hand, take a considerable amount of 
wattless current. If a motor of this kind consumes 2000 efifective 
watts, its apparent watt consumption might be as much as 3000. 
The generator has then to be designed for an output of 3000 watts, 
and likewise the mains have to be calculated for a larger current, 
much of which is useless for producing power. 

Now, with a synchronous motor, the magnetization of which is 
effected separately by continuous current, there is no phase-difference 
as long as the excitation is correctly adjusted. Before switching the 
motor on the mains it is brought to the same periodicity, voltage, 
and phase as the alternating current with which it is supplied, and 
therefore, after the motor is switched on the mains, there is no 
magnetizing or wattless current flowing into the motor, the current 
thus being in phase with the voltage. If the motor consumes 
20 amps, at 100 volts, there are 2000 watts used. 

If, on connecting the motor to the mains, the excitation is too 
weak, so that its voltage is lower than that of the alternating current 
supplied, then here a wattless current would appear, since the missing 
magnetization has, as it were, to be supplied from an external source. 
A wattless current, and therefore a phase-difference, also appears 
when the magnetization of the motor is too strong. 
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The Rotary Converter 

For reasons already known to us, alternating currents are very 
frequently employed for transmission of electrical energy. Now, 
there are many purposes for which alternating currents are in- 
applicable. They cannot be used for charging secondary batteries. 
At alternating current central stations it is therefore necessary, 
even when there is a very small load during the daytime, to have 
one or more generators running. Also the valuable " buffer effect " 
of secondary batteries cannot be used in alternating current central 
stations. To combine the advantages of alternating currents with 
those of continuous currents, the following scheme is employed in 
many cases for transmission of energy to long distances : — In the 
central station alternating current is produced and is led to a 
number of sub-stations distributed over the area of supply. In these 
sub-stations the alternating current is transformed into continuous 
current, and at the sub-station secondary batteries are generally 
employed. For certain hours the secondary batteries in the sub- 
stations are charged, thus providing current for the time of small 
demand when the machines in the central station as well as in the 
sub-stations are shut down. 

At a sub-station, machines are required for transforming 
alternating into continuous current. For this purpose either two 
separate machines, viz. one alternating current motor coupled 
directly to a continuous current generator, which combination is 
generally called a motor generator, or a single machine, with a 
rotating armature, may be employed, having slip-rings on one side 
and a commutator on the other. A machine of the latter type is 
generally called a converter. 

In both cases synchronous motors can be used without any 
disadvantage, for the secondary battery installed at the sub-stations 
will serve both for exciting and starting the synchronous motors. 
The procedure is quite simple. In the case of the motor generator 
the continuous current generator is started as a motor by means of 
the secondary battery, and its speed regulated until it is that 
required for synchronism. Then the synchronous motor is excited, 
and the 2-pole switch closed. The synchronous motor now drives 
the continuous current machine, and, by more strongly exciting 
the latter, its E.M.F. increases above that of the battery, so 
that the continuous current machine supplies current to the battery, 
i,e. it is working as a generator. Each of the two coupled machines 
may be built for any voltage. For example, the synchronous motor 
might be built for a voltage of 2000 or 5000, and the continuous 
current dynamo for 110, 220, 500, or any other voltage. 
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With a converter the case is different. It is impossible to use 
it for direct transformation of high-tension alternating into low- 
tension continuous current. 

Any alternating current dynamo, provided with a commutator 
and slip-rings like that shown in Fig. 200, can be used as a converter. 
The armature of the converter can have either a single winding, 
connected with slip-rings and commutator, or two separate windings. 
In this latter case one of them has to be connected with slip-rings, 
the other with the commutator. 

Both the motor generator and converter may be used for many 
different purposes. They can be used as (1) a continuous current 
motor, (2) continuous current generator, (3) a synchronous motor, 
(4) an alternator, (5) a dynamo for continuous and alternating currents 
simultaneously, (6) a continuous current to alternating current trans- 
former, and (7) finally an alternating current to continuous current 
transformer. 

Since in all these cases of the use of a converter continuous and 
alternating currents are either produced or transformed in one 
armature, it is clear that there must exist a definite proportion 
between the continuous and alternating voltage, and that, imlike the 
motor generator, it is impossible with the converter to transform 
alternating current into continuous current of any voltage. The 
ratio between the two voltages may be determined by the help of 
a simple consideration. We shall first of all consider an armature 
with a single winding. 

In dealing with the Gramme ring, as an alternating curreut 
armature (see p. 203), we learned that the maximum alternating 
voltage is produced if the windings connected with the slip-rings are 
just in the neutral zone. Now, this is the normal voltage of the 
continuous current produced by the same ring, since in this case 
the brushes are always in the neutral zone. Thus we have the 
simple equation : — Maximum alternating current voltage is equal to 
the normal continuous current voltage. We have learned that the 
measured or effective value of the alternating current voltage is equal 
to about 0'7 of its maximum voltage. Hence, if with this converter 
a continuous voltage of 100 is produced, then the effective voltage of 
the alternating current taken from the slip-rings will be about 70. 

Owing to the ohmic loss in the armature wires, the secondary 
voltage of a rotary converter will be somewhat smaller than that 
found by the above calculation. If the machine be used as a con- 
tinuous to alternating current converter, we get, at a continuous 
voltage of 100, not quite 70 volts on the alternating current side, 
but, according to the load of the machine, somewhat less — say 69, 
perhaps 68 volts only. If, on the other hand, we use the machine 
as an alternating to continuous current converter, we shall for 70 
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volts alternating current get less than 100 volts continuous current, 
perhaps only 98 or 97 volts. If there be two separate windings on 
the armature, the winding connected with the slip-rings having 
three times as many turns as that of the winding that is connected to 
the commutator, then to a continuous current of 100 volts an alter- 
nating current of 3 X 70 = 210 volts would correspond. In any case 
there exists a definite relation between alternating and continuous 
voltage, which cannot be altered by the regulation of the continuous- 
current excitation. If for charging cells we want to increase the 
continuous voltage from 100 to 150, then we must increase the 
voltage of the alternating current supplied to the slip-ring by 
one-half. 

Since to the rotating armature of a converter alternating current 
has to be supplied, it is impossible to employ machines of this kind 
for directly converting high-tension alternating into low-tension 
continuous current. For this purpose a further apparatus, an 
ordinary or static transformer, is required, which first transforms 
the high-tension alternating current of, say, 2000 volts into a low- 
tension alternating current of, say, 70 volts. This alternating current 
may then, by a rotary converter, be converted into continuous current 
of about 100 volts. 

A converter is started in the same way as a motor generator. 
The machine is first excited, then started as a continuous current 
motor, and, as soon as it is running in synchronism, it is switched 
on the alternating current circuit. 



Commutator Motors 

The question may be asked. Is it possible to run a continuous 
current motor with alternating current ? 

We are acquainted with the fact that the direction of rotation 
of a continuous cuiTent motor remains the same if we change the 
mains leading to the motor (p. 124), for the reason that both the 
magnet field and the armature current change their direction. It 
must hence follow that we are able to get motive power from a 
continuous current motor supplied with an alternating current. 
Naturally the magnet system of the motor must not be solid, 
but must, like all cores of alternating current magnets, consist 
of insulated iron disks. Otherwise its construction is quite similar 
to an ordinary continuous current motor. Commutator motors are 
generally built as series motors. 

Let us now consider the starting of the motor. The motor has 
to be switched on the alternating current mains. Armature and 
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magnet coils are then traversed by the same current. The armature 
wires in the magnetic field tend now to turn the armature in a 
definite direction— say, for instance, clockwise. The armature is 
therefore turned a little, but before it has turned through one 
revolution the direction of the armature current is altered. At 
the same instant, the direction of the magnet current is also 
altered. The effect after the change of the current direction is the 
same as it was before, i.e. the armature is turned again clockwise, 
and thus the motor will start. Since, however, the armature windings 
short-circuited by the brushes are traversed first by a negative, 
then by a positive current, these motors, on starting, violently spark, 
and sparkless running is difficult or impossible to obtain. 
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CHAPTER XI 

MULTIPHASE ALTERNATING CURRENT 

Induction Motors — Rotating Field 

Neither of the two alternating current motors described in the 
last chapter is so simple and reliable in working as the con- 
tinuous current motor. Whilst the alternating current generator 
and transformer are far simpler than the corresponding continuous 
current appliances, with the motor the contrary would seem to be 
the case. 

It is important now to point out that we can, with alternating 
currents, produce motion by availing ourselves of the effects of 

induction. We have seen this with a 
metal ring which was repelled by an alter- 
nating current flowing through an electro- 
magnet. On switching the coil in circuit 
the ring was pushed upwards, on stopping 
the current the ring fell down. 

An up and -down motion of this kind 
is insufiicient for a motor. What we 
want is a means of producing rotating 
motion. 

The Italian electrician Ferraris found 
that by two alternating currents differing in 
phase a rotating field can be produced. 
Fig. 214 shows two coils, A and B, whose 
windings are at right angles to each other. 
These coils are traversed by alternating 
currents which differ in phase by 90°. 
Either pf these coils in itself would produce a pulsating field, but 
the two coils together produce a rotating field. 

A simple experiment with a freely suspended stick, or, still better, 
a stone suspended by a string, gives us a corresponding example, and 
will make the matter clear. If we push such a pendulum from 
its position of rest, then it will swing to and fro. A complete 
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Fio. 214.— Production of 
RotatiDg Field. 
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movement from, say, the left to the right and back to the left is 
called a period. If, from its position of rest, we push the stone 
from us, it will then take up a swinging motion from front to back, 
which differs from the first vibration in direction only, but not in the 
kind of motion. If, now, we push the pendulum, firstly, from its 
position of rest towards the right; and, secondly, after a quarter 
period — that is, after it has made half an oscillation, being, therefore, 
in its extreme position to the right— we push it forwards, we shall 
observe that the pendulum takes up a rotating motion. It swings 
no longer in a single plane, but in a circle. The motion in a straight 
line has been changed into a rotating motion. 

It is essential for the second impulse to take place in a direction 
which is at right angles to the first impulse, and also that the time 
when the second impulse takes place is a quarter of a period later 
than that of the first impulse. If, whilst the pendulum is swinging 
from left to right, we strike it in the direction from front to back 
just at the instant it passes its lowest position, we do not now get 
a rotating motion of the pendulum, but it will swing in a direction 
between the directions of the two impulses. 

Similarly the two coils in Fig. 214, each of which alone is capable 
of producing a pulsating field, are able to set up a rotating field 
provided that they are traversed by two 
alternating currents, the phase-difference ^r^ 

between which is a quarter period. We 
know that the direction of a field is 
that indicated by a freely movable north 
pole. Let us now imagine a north pole 



N^ 



v^ 



® 



under the influence of coil A (in Fig. 215 { j^J ^ 

the coils are shown more distinctly in 

cross-section). The coil A tends to drive 

the north pole at right angles to its plane 

from left to light — that is, in the direction 

of the single-barbed arrow. Coil B alone 

will try to drive the pole from front ^^- ^'^• 

to back in the direction of the arrow 

with two barbs. If, now, the currents difler by a quarter period, 

exactly the same will take place as with the pendulum. The 

pole will rotate. 

What influence will this rotating field exert on a metal cylinder, C, 
suspended in its interior ? 

A magnetic field rotating about a conductor produces, as we 
know, in the latter an E.M.F., and if there is a closed circuit, electric 
currents result. These currents have their direction so as to resist 
any motion. In the metal cylinder C, in Fig. 214, such currents will be 
produced. Tliese currents firstly tend to weaken the primary field 
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(just as the currents in the secondary coil of a transformer do), and, 
secondly, they resist the motion of the field, which will rotate as long 
as the primary currents differ in phase by a quarter period. The 
metal cylinder within this field will be acted upon in a certain way. 
Consider, for a moment, what happens to any one who tries to stop 
a heavy and fast moving carriage by taking hold of it. The attempt 
will be a failure, for he will be carried along with the vehicle. In 
the same way the armature C. which resists the rotating motion of 
the field without being able to stop it, will be taken with the rotating 
field, i.e. it will be turned round its axis. 

Hence there will be a tendency to turn the armature with the 
same speed as that with which the field is rotating. This state can, 
however, never be perfectly reached, for if the armature ran in 
synchronism with the field, the effect on the armature would be the 
same as if field and armature were at rest, and no current could be 
induced in the armature. The result will be that the armature 
can now no longer exert any force, and it will slow up owing to the 
frictional resistances. As soon as this happens, the armature is again 
crossed by lines of force, a current is again induced inside, it exerts 
a force, and thus is able to overcome the frictional resistances. The 
greater the load becomes, the slower the armature will run in 
comparison with the speed of ihe rotating field. The consequence 
will be that stronger currents are induced in the armature, enabling 
it to overcome the heavier load. The armature currents have a 
further important action — they also tend to weaken the primary 
field, and this will now, just in the same way as the primary 
coil of a transformer, take more current when it is connected with a 
source of constant voltage. Hence we observe that the behaviour of 
this kind of motor is very similar to that of continuous current shunt 
motors. 

Motors depending on this principle are called induction, motors, 
or asynchronous motors. They are called asynchronous because 
their working principle depends on the fact that they do not run 
synchronously; but their speed is less than the speed of synchronism. 

The amount the armature speed of an asynchronous motor is 
less than the speed of rotation of the field is called the " slip." 

We shall now deal with the construction of a 2-phase induction 
motor. To obtain suflBciently strong magnetic fields, both the outer 
and inner parts have to be built up from iron disks, and the windings 
have to be laid in slots. We have here two circular parts, the cores 
of which are built up like that of a continuous current armature. 
In its simplest form (see Fig. 216) the outer stationary armature, 
called the "primary armatore" or "stator," has four slots. Into 
every two opposite slots, AA and BB, the coils are laid which cor- 
respond to the first and second phase respectively. On the 
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circumference of the inner, rotating armature, or so-called rotor, 
there are a number of slots or holes through which wires are drawn. 
These wires can be connected with each other in many different ways. 
One method of connection is shown in Fig. 217, which represents the 
type called a squirrel-cage rotor. At the front and the back of the 
armature all the wires are connected by copper rings. 

If on the stator there were the coil A only, and this coil were 
traversed by a continuous current in the direction marked in Fig. 218 
by a cross and dot respectively, it would produce a magnetic field as 
shown in this figure. The lines of force leave the left part of the stator 
and enter the right part, mftking the former a north and the latter a 
south pole. If the coU. has an alternating current passing through it, 
then at a certain instant the left part will have the strongest north. 





Fio. 216.— Two-phoae Motor. 



Fio, 217.— Squirrel Cage. 



and the right part the strongest south, magnetism. The magnetism 
will then gradually become weaker, until it is reduced to nothing, then 
it will be reversed, and so on. Similarly coil B alone, if traversed by 
a continuous current in the direction marked, would cause the lower 
part of the outer armature to become a north, and the upper part a 
south pole (see Fig. 219), whilst with alternating currents the polarity 
would continually be reversed. 

Now coils A and B are simultaneously supplied with alternating 
currents, which difier in phase by a quarter period. Hence, if the 
current in A is a maximum, that in B will be a miTiiTinnTn or nothing. 
It is as if coil B did not at this moment exist. A only produces 
magnetism, say, for instance, a north pole on the left. Now, the 
current in A decreases, whilst that in B increases (see the wave- 
lines in Fig. 220). Hence A continues to produce a north pole 
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on the left, B tends— firstly in a weak, but later in a stronger 
manner— to produce a north pole at the bottom. Both actions are 
therefore combined, and there will appear a north pole at the left 
lower quarter, which will be lower in position the stronger the 





Pia. 218. 



Fig. 219. 



current is in B, and the weaker it is in A. After a quarter period, 
the current in A becomes zero, whereas the current in B is now a 
maximum, and thus the north pole is produced only by the latter. 
The current in B now decreases, and the current in A has changed its 
direction, and tends to produce a north pole at the right. By the com- 




¥iQ, 220.— Two-phaae Garrent 



bined action of the coils A and B, the north pole will now travel from the 
bottom to the right ; and again, after a quarter period, the north pole 
will be produced on the right-hand side, since at this moment the 
current in B becomes zero again. We have therefore in the stationary 
outer armature a rotating magnetic field, which makes a quarter of 
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a revolution during each quarter period of the current, and a whole 
revolution during each complete period. This rotating field produces 
currents in the conductors of the squirrel-cage, causing it to revolve. 
The speed of the rotor differs but little from the theoretical 
speed of the rotating field. If, for instance, the current flowing 
in the stator makes 6000 alternations — that is, 3000 periods or 
cycles per minute, then the rotor will make nearly 3000 revolutions 
per minute. If the motor is not loaded, and the armature therefore 
has to overcome only the frictional resistance in the bearings, then 
even with the most accurate speed-counters no difference between the 
speed of the field and that of the motor can be measured. On the 
other hand, if the motor is loaded, its speed will fall down to about 





Fio. 221.— Four-pole Two-phaae Motor. 



Fig. 222.— Four-pole Two-phase Motor. 



2900, 2800, or even 2700. The motor has then a slip of 100, 200, or 
300 revolutions, or expressed as a per centage of 3, 6, or 10 per cent. 

The windings considered have 2-poles. Two-pole induction 
motors are seldom used. Generally the motors are, according 
to their size, wound with four, six, eight, or more poles. The 
diagram of a 4-pole 2-phase motor is shown in Fig. 221. The 
least number of slots required in this case is eight. We may then 
have two coils in each phase, as shown in Fig. 221, or four coils 
in each phase, as shown in Fig. 222, — the former winding corre- 
sponding to a consequent pole winding, as in the case of some 
direct current machines. The coils are wound so that each of 
them tends to produce in the part it surrounds the same polarity, 
say, for instance each a north pole. Then, in the left and right-hand 
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parts, north poles are produced by the coils, marked by full lines, 
and therefore, as consecutive poles, south poles will appear in the 





Fig. 223.— Field or Primary. (British 
WeHinghou$e Co.) 



Fig. 224.^Fi6ld completely wound. 
(British Westinghouse Co.) 



upper and lower quarters. The second phase (represented by the 
winding which is marked by dotted lines) produces also a 4-pole 
field, which here lags behind the first field by an eighth of the whole 





Fig. 225.— Rotor or Secondary. 
(BrUish Westinghouse Co.) 



Fig. 226.— Two-phase Motor. 
(Britisti Westijtghouse Co) 



Circumference. Thus, each quarter period of the current will corre- 
spond to ^ revolution of the rotating field. Two periods of the 
current correspond to one revolution of the field, and 3000 periods 
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to 1500 revolutions of the field, and nearly 1500 revolutions of the 
armature. A 6-pole motor will run with a speed of nearly 1000, 
an 8-pole with nearly 750, and a 12-pole with nearly 500 revolutions 
per minute. 

Fig. 223 shows the field of a 2-phase motor ready for winding. 
Fig. 224 shows the field completely wound. Fig. 225 is the wound 
rotor, and Fig. 226 is the complete machine. 



Three-phase Current 

A rotating field can also be produced in other ways than by 
the method of two windings at right angles to each other, and 
traversed by currents with a phase difference 
of a quarter period. The most frequent 
arrangement employed for producing rotat- 
ing fields is that with three windings, with 
an angle of 120° between each other (in a 
2-pole field), when through these windings 
three alternating currents are passed, each 
of which has a phase-difference of one- 
third of a period with reference to the 
two other currents. 

In Fig. 227 the three coils A, B, and 
C, and in Fig. 228 the courses of the thi-ee 
respective currents a, b, and c are shown. 

The dotted wave-line b is one-third of a period behind the full wave- 
line a, but is in advance by one-third of a period of the wave c, 




Fio. 227. 
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Fio. 228.->Three-pha86 Cnrrent. 

represented by a line made up of dots and dashes ; hence a remains 
behiad c, but runs before &. At a definite moment 1 (see Fig. 228) 
the current will be strongest in A (see Fig. 227), thus tending to 
produce a north pole above (south pole below). In B and C currents 
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are also flowing, but these are not so strong as that in A. These 
coils are arranged so that, at the same moment, B tends to produce 
a north pole to the right above, and C also a north pole to the left 
above. The action of these three coils is represented in Fig, 229 by 
three arrows of different length. 

We may compare this with a coach having three horses, the middle 
the strongest, which pulls straight forward, whereas the weaker horses 
also pull forward, but at the same time towards the right and left 
respectively. The pulling of one horse to the right and tie other one 
to the left does not cause a deviation of the coach at all ; yet the 
vehicle will be drawn with greater force than if the middle horse, 
although it is the strongest, had alone been in harness. Hence we 
have at this instant the strongest north pole at the top. 

Next, the action of the coil increases gradually, since, as we see 
from the wave-line, the current c grows, whilst at the same time the 
currents in A and B decrease. After a one-third period, when the 



N 





N 



Fig. 229. 



Fig. 230. 



Fig. 231. 



currents have the values as indicated in Fig. 228 by the vertical line 2, 
b has reached its maximum value. Since it flows now in an opposite 
direction, it produces a north pole in the direction to the left, and 
downwards (see Fig. 230). Also the current in phase A has changed 
its direction, whereas the current in phase C has kept its direction. 
Hence B, which now predominates, produces a strong north pole 
below on the left, whereas A tends to produce a pole of the same 
name right at the bottom, and, finally, C makes a noith pole above 
on the left side. It again resembles a vehicle with three horses. 
The north pole will appear on the left below in the same strength 
as it was previously above. 

One-third of a period later (see Fig. 231) the north pole will have 
wandered towards the right, and again, after one-third of a period, 
upwards. Hence, in a third part of a period the field makes the 
third part of a revolution, and in a complete period an entire 
revolution, exactly as in the case of the 2-phase rotating field. 
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Fig. 232.— -Four-pole Three-phase Motor. 



The effect of a 3-phase field is, therefore, equal to that of a 
2-phase field. The com- 
bination of three currents, A 
the phases of which differ 
by a third of a period, is 
called a rotary or fhree- 
phase current. 

A rotating field may 
also be produced with six 
coils, which are arranged 
so that the angle be- 
tween any two coUs is 
60°, and which are tra- 
versed by currents dis- 
placed by a sixth of a 
period from each other. 

As with 2-phase motors, 
2-pole windings are very 
seldom employed with 3- 
phase motors. With a 4- 
pole winding the dis- 
tance between two coils 
is naturally not equal to 
the third, but to the sixth 
part of the circumference. 
The winding diagram of 
a 4-polo 3-phase motor is 
shown in Fig. 232. The 
consequent-pole winding, 
previously described, is 
also employed here. The 
two opposite coils AA 
belonging to one phase are 
connected with each other 
in such a way as to pro- 
duce, for instance, in the 
part enclosed by the coils 
north poles, and in the 
parts not enclosed, conse- 
quent south poles. . 

The squirrel-cage may 
obviously also be used as Fia. 2a3.— Fonr-pole Three-phase Motor, with 
a rotor for S-phase motors. '^^^^ Slots Per Pole and Phase. 

Generally 2- and 3-phase 
motors do not differ in their mechanical construction, but merely in 
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their winding. Without considering the winding and slotting of 
the stator, a 2-phase motor cannot be distinguished from a 3-phase 
motor. 

With regard to slots there is a difference between 2- and 3-phase 
motors, inasmuch as with a 2-phase motor at least two, and 
with a 3-phase motor at least three slots per pole are required. 
The coils may, if desired, be laid into any larger number of slots ; say, 
for instance, 2, 3, 4, or more, as shown in Fig. 233. 



Multiphase Generators 

We must now discuss how to produce multiphase or, as they 
are often called, polyphase currents. We could, for generating 2-phase 

currents, couple together 
two absolutely equal alter- 
nating current generators, 
the armatures of which 
were displaced from each 
other by half a pole width. 
This is, of course, possible, 
but there is a still simpler 
means of generating 2- 
n phase currents. We can 
provide the armature of a 
single machine with a 
double number of slots, 
which have an angtdar dis- 
tance from each other equal 
to half the distance between 
the poles, as is shown in 
Fig. 234. The full lines re- 
present one, the dotted lines 
the other phase winding. 
Whilst the poles are 
just passing the conductors of coil I., those of coil II. lie between 
the poles ; thus at this moment in the former the E.M.F. will reach 
its maximum value, whereas it will be zero in the latter. After an 
eighth part of a revolution of the poles — that is, after a quarter of a 
period — the E.M.F. of I. will be zero, and that of IL will be at its 
greatest value. 

In this figure a 2-phase winding is shown with four coils for each 
phase as previously we had in the case of a 2-phase motor (see 
Fig. 222). It is also possible with the generator, as in the case 




Fia. 234.— Four-polo Two-pbase Gonerafor. 
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of a motor (see Fig. 221), to arrange the 4-pole winding with 
two coils for each phase. The scheme of a 2-phase generator winding 
is hence exactly like that of a 2-phase motor. 

The last remark also applies to 3-phase generators. Hence no sepa- 
rate diagram for the armature of a three-phase generator is required. 

A completely wound armature of a 40-pole generator is shown in 




Fio. 235.— Forty-pole Armataro of Tri-phaser. (KSriing Srath&r$.) 



Fig. 235. The general construction of 2- and 3-phase generators 
is like that of single-phase generators. The only difference lies in 
the windings. 

Multiphase generators have an advantage over single-phase 
generators, inasmuch as with the multiphase winding the generator 
is better utilized. A generator producing, for instance, 70-80 
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kilowatts as a single-phase, produces about 100 kilowatts as a multi- 
phase, machine. 



Transmission of Multiphase Currents 

The two currents produced in a 2-phase generator may be 
separately led through two pairs of wires to a 2-phase motor. In 
this case four mains are required, each of which has to carry the 
single current. This is shown schematically in Fig. 23(5. The zig- 





Fio. 236. — Two-phase System with four Mains. 

zag lines represent the phase windings of the generator and motor 
respectively. In order to indicate the 2-phase system, the zigzag 
lines are at right angles to each other. 

It is, however, possible to combine two of these mains. We can 
join the ends I. and II. of the generator, and 1 and 2 of the 
motor (see Fig. 237). Then each phase has one main for itself, but 
the middle main is common to both phases, and through this 
main the currents flowing in the two outer mains, return together. 
Now one might think that the current flowing in the middle main 
must be twice as great as that flowing in one of the outer mains. 
This is not the case, since the two currents are diflTerent in phase, and 
therefore do not arrive at their maxima simultaneously. This may be 
seen from Fig. 238. On adding the values of the two wave-lines, by 
first plotting the heights of one wave and above them the heights of 
the second wave, we get a resultant wave, which is marked in the 
figure by a thick line. We observe that this resultant wave is, of 
course, of greater amplitude than either of the single waves, but only 
li times or, as may be found by an exact calculation, 1'41 times as 
great. Not only is the maximum value of the combined current 
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1'41 times as much as the maximum value of the single currents, but 
this is also true regarding the effective value of the combined current ; 
that is to say, it is 141 as large as the effective value of the single 





Fio. 237.~Twc-pha8e System with three Mains. 

currents. For this reason the sectional area of the middle wire must 
be made equal to about 1^ times the area of the single wires. 

We have now to consider what will be the voltage between these 
two interlinked phases — that is, between the terminals 1' and II"? 
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Fig. 238.— Resultant of two Alternating Currents differing in Phase 
by one-quarter of a period. 



As will readily be understood, this voltage will not be twice as great 
as the separate voltages, but also about 1'41 times as much. 

This will be clearer from the following comparison. Suppose 
a man walks from a (Fig. 239) 100 yards in a straight direction, 
reaching a point 0, At he makes a quarter of a turn, and 
then goes 100 yards up to 6. Although now the man has gone 
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2 X 100 = 200 yards, he is not at a distance of 200 yards 
from the starting-point, but, as can be found by measuring exactly 
the connecting-line ah, a distance of 141 
« yards only. 

This geometrical figure can be used in 
another way. We can measure on the line 
ah the resulting voltage between the outer 
terminals (the interlmked voltage of the 
system) provided that we make the length 
of the other two sides of the triangle corre- 
^ spend to the phase voltages. If, for instance, 
for 100 volts phase voltage we make the sides 
oa and oh equal to 100 inches, then the length 
of the line ab will be equal to 141 inches — 
which means that the interlinked voltage of this 2-phase system is 
equal to 141. 

With 3-phase machines we may lead six mains from the 
generator to the motor, as shown in Fig. 240. The phases of both 
machines are indicated by zigzag lines at angles of 120^ Now we 
may, as we have done before, combine the returns. Thus we have to 
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Fig. 240.— Three-phase Syfitem vith six Mains. 

connect the inner ends of the three-phases of motor and generator 
with each other, getting consequently three single leads and one 
common return (see Fig. 241). 

Next let us consider what will be the voltage between the outer 
terminals and the current in the common return. The first of these 
two questions may easily be answered by means of a drawing similar 
to that shown in Fig. 239. Let us plot three straight lines, distant 
from each other by 120° (see Fig. 242). The line oa represents 
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the voltage of the first phase, oh the voltage of the second, and oe 
that of the third phase. To get the voltage between the outer 
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Fia. 241.— Star-oonneoted Three-phase System with four Mains. 

terminals of the first and second phase, we have only to connect a 
and 6 by a straight line, and to measure the length of the latter. 
If the lines oa and oh have a 
length of 100 inches, then the a 

dotted lines ah, cb, and ca, will /^ 

have a length of 173 inches each. 
Thus between the outer terminals 
of a 3-phase generator so con- 
nected a voltage of 173 will 
appear when the phase voltage is 
100. Tlie interlinked voltage is 
therefore equal to 1*73 times the 
phase voltage. 

With regard to the current 
flowing in the common return, 
we arrive at a curious result. In 
Fig. 228, the three single currents Fio. 242. 

of a 3-phase system have been 

represented by three wave-lines, a, h, and c respectively. To get 
the resultant current, we have, as in the case of Fig. 220, to add the 
three currents. Hence we have to plot on each vertical line, starting 
from the horizontal, first the height of wave a at this point; and 
shall then — according as the waves h and c are directed at this point, 
upwards or downwards— plot their heights above or below the zero 
line respectively. In doing so, we are surprised to find that we 
always arrive at the horizontal middle line. If, for instance, a 
reaches its maximum upwards, then the waves h and c are dii-ected 
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downwards, each having half the height of the wave directed 
upwards. It is now obvious that if a person ascends a height 
of 100 yards, and then descends twice 50 yards, he will come back 
to the level from which he started ; also that at any moment the 
waves J or c have their upper- or lower-most position, and in any 
point between these positions the same will occur. Thus through 
the middle wire no current flows at all. 

This seems very strange indeed, and one might ask what has 
happened with the three currents which are flowing through the 
three outer mains. The answer is very simple. If the current 
passing out of the phase 01 of the generator (see Fig. 241) is just 
at a maximum — say, for instance, 100 amps., and is directed outwards, 
then the currents in the two other phases have, as we have seen 
from the wave-line in Fig. 228, an opposite direction and only half 




Fig. 243.— ThKe-pbase Star Connection with three Mains. 

the strength, or 50 amps. Hence from I. to 1 a current of 100 amps, 
is flowing, which passes through the phase 1 — of the motor, then 
branches in two ports, so that 50 amps, are flowing through each of 
the two other phases, passing then through the two mains 2 — II. and 
3 — III., coming back again along the generator phases II. — and III. 
— 0, to the common centre point of the generator. Since now the current 
which passes outwards through one main comes back again through 
the two other mains, the return — is useless ; it is a neutral main, 
and can be left out altogether. In Fig. 243 a 3-phase system 
with three mains is shown, as is usually employed if the generator 
is used for feeding motors only. Between any two' of ^e three 
mains the voltage is of the same value. 

The neutral or middle wire is often employed in cases when 
both motors and lamps are installed on the 3-phase mains (see 
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Fig. 244). The motors are then directly fed by the outer mains, 
which might, for instance, have a voltage of 173; the lamps are 




Fio. 244. — Glow Lamps atar-oonneoted. 

connected between one outer and the neutral wire, which have a 
voltage of 100. 

Very frequently the phase voltage is in such a system 110, the 
interlinked voltage being then 110 x 173 = 190. 

If one or several lamps are connected across a single phase only 
(see Fig. 245), then obviously through this phase more current 
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Fio. 245.— Glow Lempa on one Phase. 

flows than through the two others. The balance is then disturbed, 
and the neutral wire has to carry some current. If now this one 
phase were loaded, and the two other phases were not loaded at all, 
then the neutral wire would have to carry the full current of the first 
phase. This is also the case with currents, the waves of which are 
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irregular, when, even if the mains are equally loaded, current may 
flow through the neutral wire. 

The arrangement of the three phases of a 3-phase system so 
far described is called the rtar method. It is essential with star 
connections that the beginnings of the 3-phase windings are con- 
nected together at one point. From this point, the neutral point, 
the three phases radiate like the rays of a star. 

The phases may also be arranged so that in turn the end of the 
first is connected with the beginning of the second phase, the end of 
the second with the beginning of the third, and the end of the third 
with the beginning of the first phase, as shown in Fig. 246. We 
get in this way the mesh or delta connections. Considering Fig. 246, 




Fio. 246. — ^Mesh Gonneotion of Machine and Load. 



one would expect that through these closed windings a strong 
current must flow, even if there is no outer load at all. This is not 
the case. As previously, with the star connections, the three currents 
added together destroyed each other, so the three voltages added 
together give no voltage. The matter is somewhat more complicated, 
but similar, to the phenomenon which we have studied in the case of 
the Gramme armature (see p. 66), where we have a closed circuit 
in which electromotive forces are acting. These E.M.F.'s are equal, 
but opposed to each other, so that their resultant is zero. 

Ajiy side of the triangle (Fig. 246), and therefore any phase, has 
its voltage, and we may take current from the machine by connecting 
between any two mains a conductor, for instance, a lamp. If the 
lamps are equally distributed between the mains I. and II., II. and 
III., III. and I., then through all the mains equal currents flow. 
The current passing through any one of the mains will then of course 
be equal to the sum of the currents flowing in the two phases, which 
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are connected with this main. Let us now suppose that the phase 
currents are 100 amps. each. It might at first be thought that the 
main will receive 200 amps. But it must be remembered that 
between the currents in the single phases there is a considerable 
lag, causing their resultant to be only 173 amps. 

Hence with the mesh connection the voltage between two outer 
medns is equal to the phase voltage, but the current in the outer 
mains is 1*73 times as great as th.^ phase current. 

With the star connection the volta>{/e between the outer mains 
(the resultant voltage) is 1*73 times the phase voltage, but the 
current in the outer mains is equal to the phase current. 



Power in a Three-phase System 

We are now in a position to determine the output of a 3-phase 
generator, if the voltage and current be given. Assuming the phase 
voltage to be 100, the phase current 10 amps., and assuming further 
that the load consists of glow lamps, and is therefore inductiordess, the 
calculation becomes very simple. Each phase supplies 100 volts, x 
10 amps. = 1000 watts. Hence the generator supplies 3 x 1000 = 
3000 watts. 

The calculation becomes apparently more complicated if there be 
given not the phase voltage and the phase current, but either (with 
star connection) the resultant voltage and the phase current, or (with 
mesh connection) the phase voltage and the resultant current. In 
this case the calculation is not really difficult. Let the resultant 
voltage be 173 and thephase current 10 amps., then to get the phase 
voltage, we have to divide the resultant voltage by 1*73. Next we 
have to multiply the phase voltage by the phase current, thence 
getting the output of one phase. This we have again to multiply 
by 3 in order to find the output of the generator. 

Thus fV^ X 10 X 3 = 100 X 10 X 3 = 3000 watts. 

[It may be remarked here, that the phrases " resultant voltage," and " phase 
current" are very seldom used. In speaking of the voltage of a star-connected 
generator the resultant voltage, and in speaking of the current the phase current, is 
generally understood.] 

We might just as well have proceeded in another way, dmA. firstly 
have multiplied the current by the voltage, next by 3, and then 
have divided the whole by 1*73. On dividing 3 by 1*73 we find 
that we get 1-73. Hence, instead of first using the multiplier 3, 
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and afterwards the divisor 1'73, we can directly employ the factor 
1'73. Our rule is then simply to obtain the product of volts, 
amperes, and 1*73, getting thus the output of the generator in watts 
when the load is free from self-induction. 

Example.— 173 volts x 10 amps, x 1*73 = 3000 watts. (Exactly 29929, but 
3000 is quite accurate enough.) 

The same calculation applies to a mesh-connected generator. 
Let the voltage be again 100, and the resultant current 17*3 amps. 
Then we get the phase current by dividing the resultant current by 
1'73. Next we have to multiply the phase current by the phase 
voltage, and again this product by 3. Instead of dividing by 1'73 and 
multiplying by 3, it is easier to use the factor 173 as before, getting 
then the same result as above. Hence we may say : — ^With an in- 
ductionless load a 3-phase generator has an output in watts given by 
the formula — 

1-73 X E X C 

where E is the voltage, and C the current of the system. The formula 
only applies if the three phases are equally loaded, otherwise it is 
necessary to determine the output of each phase separately. 

If the load of the generator is not free from self-induction — if, 
for example, the generator has to feed asynchronous motors — then 
we get by the above formula not the real, but the apparent watts, and 
we have still to multiply the result by the power factor cos 0, and 
the formula becomes — 

Watts = 1*73 X voltage x current x power factor 
= 1 73 EC cos 0. 

A 3-phase motor which is supplied at 190 volts, taking a current 
of 12 amps., and having a power factor of 0*8, consumes apparently — 

1-73 X 190 X 12 = 3944 (volt-amps.) 

and really — 

3944 X 0-8 = 3155 watts 
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Actions in Induction Motors — ^Squirrel -cage 
and 51ip-rins: Armatures 

Having dealt with the generation and transmission of multiphase 
currents, we will now go back to the induction motor. 

Its armature, as hitherto described, is distiuguished by utmost 
simplicity. A squirrel-cage rotor is little more than a number of 
wires, short-circuited on themselves. No current has to be led to 
the rotating part from outside, consequently no slip-rings are 
required. This is, of course, a great convenience. But this type of 
armature has one great disadvantage : after it has once been started 
it is found to work well, but in starting it causes trouble. 

If by closing a 3-pole switch we connect the stationary winding 
of a 3-phase motor with the mains, then the armature, whilst at rest, 
corresponds to the secondary winding of a transformer, although 
the actual construction is very diffei*ent to that of an ordinary 
transformer. Again, the field does not pulsate like that of a 
common transformer, but rotates. This rotating field produces 
electro-motive forces both in the stationary windings (primary 
windings of the transformer) and in the rotor winding. The back 
E.M.F. now produced in the stationary winding is, like that of 
the primary coil of a transformer, nearly equal to the terminal 
voltage supplied, so that only the magnetizing current flows in the 
primary winding when the secondary windings are not short- 
circuited. 

It may be remarked that the magnetizing current of a motor must 
be far larger than that of a transformer. For the lines of force do 
not here only flow through iron (see Figs. 218 and 219), but have 
twice to pass air gaps. Now, although the space between rotor and 
stator is kept as small as possible, a much greater number of 
magnetizing ampere-turns is required than is the case with a 
magnetic flux having a path entirely of iron. 

On starting the motor the field rotates with full speed round the 
still stationary armature. Hence, in the short-circuited armature 
vdnding an excessive current will be produced, which reacts on the 
primary field of the stator with the effect of so weakening it that a 
large current flows to the stationary windings from the mains. This 
lasts only a short time, for the current flowing in the rotor winding 
causes the rotor to start with considerable turning effort, so that 
it rotates very quickly. The quicker the rotor runs, the nearer it 
approaches the speed of the rotating field, and the fewer lines of 
force it will therefore cut. Consequently the E.M.F. amj the current 
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induced in the armature decrease, the reaction on the field becomes 
smaller, and the stator absorbs less current. 

To give a numerical example, a motor which is designed for a 
current of 30 amps, will, if running at full speed unloaded, absorb a 
current ("no-load current") of about 10 amps. It must not be 
thought that the motor resdly requires one-third of the maximum 
energy for running without load. The phase-difiference is (as with 
the imloaded transformer) great, and the power factor is equal to 
about 02 or 03, so that the watts taken by the unloaded motor 
are about ^^^ or ^ of the watts taken at full load. 

At the moment of starting, the current will be large, perhaps 
as much as 90 or 100 amps., which is about three times the normal 
current. This is a great disadvantage in a motor with a squirrel- 
cage armature. With very small motors up to about 1 H.P., 
sometimes even with rather larger motors, such a sudden rush of 
current might be allowable ; on the other hand it is clear that if a 
20-H.P. motor requires three times the normal current at starting, 
this would be very objectionable, especially when lamps are also on 
the motor mains. 

To avoid these sudden rushes of current, we must not short-circuit 
the windings of the rotor, but connect them with slip-rings, so that 
resistance may be inserted in the rotor circuit. 

With slip-ring motors the rotor winding is similar to that of the 
stator. For a 3-phase motor it may be 2-, 3-, or poly-phase. 
Supposing: it to be 3-phase like the stator winding, then we can 
connect the phases either in star or in mesh, and lead the ends to the 
three slip-rings. The slip-rings are provided with brushes, and from 
them cables lead to the three regulating resistances, which may be 
connected either in star or mesh, and generally are switched in or out 
by means of a single lever. If with an open rotor circuit we connect 
the stator winding with the mains by using a 3-pole switch, then in 
the rotor winding an E.M.F. is, of course, induced; but since the 
rotor circuit is not closed, no current can be produced. Hence the 
rotor does not exert a weakening reaction on the stator. Through 
the latter, therefore, only the magnetizing current will flow— that is, 
a current equal to only ^ or J of the normal current. 

Eound the armature a magnetic field — say, for example, a 
4-pole one — is rotating with a speed of about 1500 revolutions per 
minute. The effect is the same as if the rotor were the stationary 
armature of a generator about which a 4-pole field rotates. In 
the armature electro-motive forces, but no currents, are induced 
until the outer circuit is closed. Immediately we close the switch 
and connect the external circuit, curi*ents flow through the armature 
and the resistances, and these currents cause the armature to 
rotate. The resistances ought, of course, to be so selected that 
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the currents in the armature and in the stator do not exceed the 
normal currents. 

When the armature is set into rotation, the E.M.F. induced in it 
becomes smaller than that previously induced in the stationary arma- 
ture, and if the regulating resistance be diminished the armature will 
gain speed. We can then gradually diminish, and finally short- 
circuit the resistance when the armature is nearly synchronous with 
the field. Hence, when actually at work under a load there is no 
difference between a "short-circuit" and a "slip-ring" armature, 
since the windings of the slip-ring armature are short-circuited, 
finally. Different windings of a 3-phase motor armature suitable 
for use with slip-rings are shown in Figs. 247 and 248. 




Fia. 247.— Wound Rotor of Three-phaae Motor. {KOrtiug Brothers.) 

By means of a voltmeter connected to two brushes, we may 
observe that, before closing the starting switch, there is a considerable 
voltage between two slip-rings, which nearly disappears after short- 
circuiting the resistance. According to the number of wires on the 
rotor, the voltage between the slip-rings will be smaller or larger, 
and will be nearly equal to that of the stator, if the number of turns 
on stator and rotor are alike. 

The number of rotor windings will of course be selected so as to 
avoid a dangerous voltage arising between the slip-rings whilst starting 
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the motor. Generally the limit for this volta^^e is 200 to 300 volts. 
But even this voltage might, under unfavourable circumstances, prove 
dangerous, and therefore touching the slip-rings whilst starting the 
motor should he avoided. After the motor has reached its full speed, 
and the starter has been short-circuited, the slip-rings may without 
hesitation be touched with both hands, since the voltage existing 
between the slip-rings of a short-circuited rotor is very small. 

Alternating current motors only (both induction and synchronous 




FiQ. 248.— Triphase Rotor. {K5ding Brothers.) 



types) have the important advantage, that the feeding current is led 
to a stationary winding. Hence these motors can, as well as 
generators, be built for high tension. Large 3-phase motors for 
2000 and even 5000 volts are frequently made. For these high 
pressures the terminals and windings of the primary have, of course, 
to be well protected to prevent danger to life, and the windings 
must be excellently insulated. 



Slip 

If between a slip-ring and a starter terminal we place an 
ammeter, we are then able, with a slip-ring induction motor, to make 
some interesting observations. As long as the motor runs without 
load, the ammeter indicates a very small current, but a verj^ 
evident and slow oscillation of the pointer of the instrument will be 
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noticed. If the load on the motor is increased, the deflection of the 
pointer becomes greater and its oscillations occur more quickly. 
The number of the swings gives us a direct measure for the 
slip of the armature. If the armature runs synchronously with 
the field, then — as we know — no currents at all can be 
produced in the armature. On the other hand, if the armature 
of a 4-pole motor (not loaded) remains by two revolutions per 
second behind the field speed, then this has the same effect as if the 
4-pole field rotated twice round the stationary armature. Hence, 
in the armature an alternating current of eight alternations per 
minute is produced. The ammeter pointer is then deflected eight 
times from zero up to a maximum value. If the motor is fully 
loaded, its slip then being 40 revolutions, we can observe 160 
oscillations of the ammeter pointer per minute. Since in this case 
the oscillations quickly follow each other, the pointer has no time to 
return to its zero position. 

This phenomenon becomes still more distinct if, instead of the 
usual electro-magnetic or hot-wire instrument, we employ a Deprez 
ammeter, with a zero in the middle of the scale. Then we see the 
needle deflected from zero — for instance, to the right, then to the left 
and back again to zero, and so on. With a 4-pole motor a double 
movement of this kind of the pointer corresponds to the slip of one 
revolution. 



Single-phase Induction Motors 

After the invention of the three-phase motor its simplicity 
and its superiority over all other alternating current motors soon 
became known. Since then many alternating current central 
stations have been designed for the three-phase system, especially 
when the motor load is important. There are, however, many older 
central stations, which work with single-phase current. For light- 
ing purposes the single-phase system has an advantage over the 
three-phase system, for with the latter it is rather difficult to 
distribute the lamps so as to get equal loads on the three 
phases. Further, with the 3-phase system three, but with the 
single-phase system only two, mains are required. Engineers have, 
therefore, given much attention to the design of single-phase induc- 
tion motors, having the advantages of 3-phase motors. 

If, whilst a 2-phase motor is running lightly loaded, we disconnect 
one phase from the motor, we observe that the motor stiU continues 
to run, and a considerable alteration takes place in the current 
consumption, both in the connected phase and the armature, but, 
what is most essential, the motor continues to do work. From this 
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observation we conclude that it is feasible to build single-phase 
induction motors. 

On stopping the motor, and trying to start it again, with only one 
phase connected, the armature circuit being closed, a great difference 
will be observed between this and an ordinary 3-phase motor. A 
single-phase motor is not self-starting. 

We can, after continued experiments, find out a position of the 
lever of the starting resistance so that, when the rotor is once 
set in motion, it continues to run, runs quicker and quicker, till 
finally, if we gradually short-circuit the resistance, the full speed is 
reached. We may further observe that we can give the motor a 
start either to the right or to the left, and that in both cases it will 
continue to run in the direction in which we started the rotor, 
whereas a 3-phase motor runs when the connections are made in 
a definite way in one direction only. 

With the single-phase motor we have originally not a rotating, but 
merely a pulsating field. Hence there is no turning effort on the 

stationary armature, 
but a force which tends 
to pull the rotor first 
in one and then in the 
opposite direction. 
Similar actions take 
place in many other 
machines. A steam- 
engine furnishes a good 
example : the piston 
has a reciprocating mo- 
tion, and piston-rod, 
crank, and flywheel are 
required to transform 
this kind of motor into 
a rotating one. The 
bicycle and sewing- 
machine are similar instances. If the crank (see Fig. 249) is at the 
top or bottom, then the piston is unable to produce any motion, neither 
by pulling nor by pushing. It is absolutely necessary that the crank 
be turned past these dead points. If the crank reaches the position 
shown in Fig. 250, on pushing the piston a further turning of the crank 
in the direction indicated by the arrow will result. If, on the other 
hand, we had turned the flywheel counter-clockwise (see Fig. 251) 
instead of clockwise, then a thrust on the piston will cause a 
motion of the crank to the left. Hence, if no other mechanism 
prevents this, we can really turn as we please the flywheel of a 
sewing-machine, either to the right or to the left. When the machine 





Fw. 249. 



Fig. 250. 



Fia. 251. 
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is once started, then we are assisted by the momentum of the 
flywheel, which carries the crank over the dead points, thus giving us 
the desired rotatory motion. 

In a corresponding way the working of a single-phase motor may 
be imagined. We have first of all to help the armature over the 
dead points, in order to produce in the windings of the armature 
(which, as with the 3-phase motor, might be wound as a squirrel 
cage, 2- or 3-phase), by its revolution in a pulsating field, currents 
of different phases, which latter then produce a rotating field in 
the armature. The armature wires then act like a flywheel, taking 
up the reciprocating forces and producing rotating power. 

Small motors may be started by hand, but this would be im- 
possible with large motors. Such motors may be started by providing 
them with a second phase 
winding, obtaining by its 
help a self-starting single- 
phase motor. Through 
this second phase, during 
starting, a current is caused 
to flow which differs in 
phase from the current in 
the main phase. We may 
get a second phase from 
a single-phase circuit by 
dividing the main current 
into two parts and insert- 
ing in one branch, called 
the "auxiliary phase," a 
choking coil. These con- 
nections are shown diagrammatically in Fig. 252. The main 
phase is connected to the mains directly, the auxiliary phase is in 
series with a choking coil. In the latter circuit, due to the large 
self-induction of the choking coil, a far greater phase-difference 
between current and voltage is produced than in the main phase. 
If the phase-difference becomes a quarter period, then we get a 
complete rotating field. The phase-difference will, however, here be 
far smaller than a quarter period, since in the main phase the current 
already lags behind the voltage, owing to the main phase not 
being free from self-induction. In the auxiliary phase the phase- 
difference is, of course, larger, but in no case as much as a 
quarter period. Hence we do not get a true rotating field. The 
effect may be compared to the swinging pendulum to the bob of 
which we gave a lateral push before it reached its highest posi- 
tion. Then the pendulum will not get a circular, but an elliptical 
motion. 




Fia. 252.— Single-pbase Motor with Auxiliary 
Phase with SelMndaction. 
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Hence the single-phase motor with an auxiliary phase is self- 
starting, but the starting power so obtained is far smaller than that of 
a 3-phase motor. Whilst the latter can start under full load and even 
double the normal load, an ordinary single-phase motor with auxiliary 
phase can only start with a part — say about one-third to two-thirds 
of its normal load. By suitable means the starting power may be 
increased, but then the current consumption is greatly increased. 

Single-phase induction motors are therefore generally provided 
with a loose pulley. Before starting the motor the belt is placed on 
the loose puUey, so that, on starting, the motor has to overcome the 
low frictional resistance of the loose pulley only. After the motor 
has reached its full speed the auxiliary phase is switched out, and the 
belt is removed from the loose on to the belt-pulley. Sometimes, 
instead of a loose pulley, a friction coupling is employed. When 
a coupling of this kind is fixed the motor starts without any load, and 
after it has reached full speed the coupling is thrown into gear, either 
by hand or automatically. 



^m 



Phase-difference caused by Capacity 

We may now deal with another kind of phase-diflference besides 
that produced by self-induction. 

Any cable and generally any conductor which is connected with 
a single pole of a source of alternating current, causes a so-called 
" charging-current " to flow. Let, in Fig. 253, 
the two circles I. and 11. represent the slip-rings 
of an alternating current generator, the brushes of 
which are connected with wires. The two wires 
are not connected with each other. As long as 
the machine is stopped, all conductors which are 
considered here — the armature conductors, the 
brushes, and the two wires— have the same 
electrical potential. But when the machine is 
working, in each of the two brushes an alternating 
potential or pressure appears, sending a current 
to the end of the wire, which is still at the 
previous potential. If we had a continuous 
current dynamo, then this current would soon 
cease — the positive brush sending a current 
through the mre connected with it until the 
whole main had the potential of this part; similarly, the negative 
brush would take current from the main connected to it till the 
latter came to the same low potential as the negative brush itself. 
When this state is reached, the charging current will cease. 



Fig. 253. 
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If, on the other hand, we have a perpetually alternating potential 
on the two brushes the case is different. As long as the voltage on the 
brush increases, it will send a current to the end of the wire. The wire 
is now charged, and will, when the voltage of the brush after reaching 
its maximum begins to fall, return to the brush, like an honest 
debtor, the amount previously borrowed. During the time the 
voltage of the brush decreases from its maximum through zero to its 
minimum value, the current comes back from the wire to the brush ; 
whilst during the time in which the voltage of the brush increases, 
a current flows from the brush to the end of the cable ; only at the 
instant when the voltage has its maximum or minimum value 
is the current zero. Hence the charging current has, exactly like the 
magnetizing current, a phase-difference of a quarter period from the 
voltage. If the voltage has its maximum value the charging current 
is zero, and if the charging current has its maximum value the 
voltage is zero. The charging current is therefore a wattless current, 
like the magnetizing current. It is a quarter of a period in advance 
of the voltage, whereas the magnetizing current is 
a quarter of a period behind the voltage. 

The charging current will be greater the larger 
is the " capacity " of the main connected with the 
brush. A large capacity may be produced either 

if the cables are very long or if they lead to very 

large surfaces which are placed directly opposite 

to each other, if for instance (see Fig. 254), the 

wires I. and II. are connected to very large sheets 

of tinfoil, which are fixed on opposite sides of a 

glass plate or a sheet of mica. By this means the 

capacity of the mains is increased considerably. 

Such an apparatus is called a condenser. Instead 

of using a single large sheet of glass or other 

material, a number of smaller plates connected in 

parallel may be employed with the same effect. A 

type of condenser in ordinary use consists of a 

large number of sheets of tinfoil, insulated from 

each other by mica or sheets of paraffined paper ; 

the alternate sheets of foil, say the 1st, 3rd, 5th, 

etc., are connected to one terminal, whilst the 

2nd, 4th, 6 th, etc., go to a second terminal. When a condenser 

is put across the mains supplied with alternating current, a current 

flows in and out of it, although the two halves of the condenser are 

insulated from each other. To get large currents from the mains 

in this way necessitates the use of a very large number of sheets 

of foil. 

The effect of capacity may very well be obser\^ed with long, and 
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FiQ. 254.— Opacity 
in Circuit. 
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(Capacity) 



FiO. 255. 



-Single-pbaae Motor with Auxiliary 
Phase baying Capacity. 



more especially with concentric, mains. Such cables cause a con- 
siderable current to flow from the alternator to the mains, even if 
not a single lamp or apparatus is switched on. This current is, 
however, as already mentioned, wattless. 

This capacity effect may be used instead of a choking coil for 
producing a phase-difference in the auxiliary phase of a single-phase 

induction motor (see 
diagram, Fig. 255). 
Theoretically with this 
arrangement it would 
be quite possible to pro- 
duce a perfect rotating 
field; for the main phase 
has a certain self-induc- 
tion, and therefore a 
phase retardation of the 
current occurs in it, 
whereas in the auxiliary 
phase in which a con- 
denser is inserted, a lecui 
and not a lag of the 
current takes place. 
With a condenser of the 
right capacity a phase- difference of a quarter period with the same 
current could be effected, and thus a proper rotating field produced. 

To secure that sufficient current passes to the condenser, it is 
necessary to have much capacity, which means a very large and 
expensive arrangement. With the usual construction of condensers 
for these purposes a combined capacity and resistance effect is used. 
The condenser plates are placed in a tank filled with a conducting 
liquid, such as a solution of soda. The phase-difference is in 
this case far less than a quarter of a period. It therefore follows 
that motors provided with such condensers cannot start under a 
heavy load. 

Sometimes both induction and capacity are employed for starting 
a single- phase motor, a choking coil being inserted in one, a condenser 
in the other phase. 

A phase-difference of the currents in the two windings may also 
be produced by inserting in one winding ohmic resistance only. Then 
in this phase the phase-difference between current and voltage will 
not be as large as it is in the other phase. 

Even without a resistance, choking coil or condenser, the starting 
of a single-phase motor may be effected by providing the main and 
the auxiliary phase with a very different number of windings and 
switchiog them directly on the mains. Since the self-induction 
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in the two windings will then be different, the two currents will 
also have different phase-differences against the outer voltage. 

All the means that have been described in which capacity or self- 
induction effects help to create a rotating field, are used only for 
starting single-phase motors. After this has been effected these 
devices are switched out of the circuit. The motor is then really 
running on a single phase only, but by the effect of the armature 
conductors a rotating field is then produced. 

How to build single-phase motors with considerable rotary power, 
and which can be overloaded without stopping, like 3-phase motors, is 
a problem that has yet to be solved in a satisfactory way. If it were 
possible to design single-phase motors with the same good working 
properties as 3-phase motors, then the 3-phase system would probably 
be soon discarded. 



The Reversing of Alternating-current Motors 

For reversing single-phase motors without an auxiliary phase no 
change of the connections is required. It has no inherent tendency 
to rotate in a definite direction, the direction in which it is turned 
by hand or by any auxiliary means decides the matter. This applies 
both to single-phase synchronous motors and to single-phase induction 
motors without an auxiliary phase. 

The single-phase induction motor with auxiliary phase behaves 
exactly like a 2-phase motor, and we shall therefore first of all 
examine the behaviour of the latter. In considering the working of 
a 2-phase motor we have assumed (see Figs. 218 and 219) that 
phase A produces at one moment a north pole on the left ; phase B, a 
quarter of a period afterwards, a north pole below. Hence the field 
rotates from the left downwards, then to the right, then upwards, ix. 
in counter-clockwise fashion. We may now reverse the direction of 
rotation of the field in different ways : firstly by reversing the current 
in phase A. The effect of this will be that phase A will not, at the 
particular moment considered above, produce a north pole on the left 
but on the right. Phase B, however, the connections of which have 
not been altered, produces now, as before, a quarter period later, 
the north pole at the bottom. Hence we have now a rotation 
from the right downwards, to the left, then upwards, i.e, a clockwise 
rotation. 

We may, of course, get the same effect by leaving unaltered the 
current direction in A, and reversing that in B. Eeversing the current 
both in A and B would, of course, be ineffective. 

The third way to reverse the motor is to interchange the phases, 
so that then phase B is traversed by that current, which has a lead 
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of one-fourth of a period. Then B will at first produce a north pole 
below, and a quarter period later A will produce a north pole to the 

left, so that we now get a 
clockwise rotation, i,e. we have 
reversed the previous direction 
of rotation. 

We may hence alter the 
direction of rotation of a 2-phase 
motor having four terminals, 
simply by changing the two 
mains of one phase. With a 
2-phase motor supplied with 
three mains (the middle one 
having about IJ times the area 
of the outer mains) it is only 
necessary to change the posi- 
tions of the outer mains. 

When we wish to reverse 
the direction of rotation of a 
single-phase motor with an auxiliary phase, either the two ends of the 
main phase or those of the auxiliary phase must be changed. In Fig. 
256 the diagram of connections for clockwise rotation is given. One 
main is connected with end I' of the main phase and with end II. of 




Fig. 256.— CoDneclion of Single-phase 
Motor fur Clockwise Botatlon. 




Fig. 257. Fia. 258. 

Connections of Single-phase Motor for Connter-clookwise Botation. 



the auxiliary phase. The connection for counter-clockwise rotation 
may then be made either according to Fig. 257 or to Fig. 258. In 
the former case the direct main is connected with I. and II., whereby 
the ends of the main phase are changed. In the latter case the direct 
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main is connected with 1/ and 11/, causing the ends of the auxiliary 
phase to be changed. 

With a 3-phase motor the reversal of rotation may be effected 
by changing the* ends of any two of the three mains, it being a 
matter of indifference whether the motor has either a star or a mesh 
connection. Let us consider the motor to be star-connected, and the 
rotating field to be produced as shown in Figs. 227, 229, 230, and 
231. Let us further assume that the currents in the phases B and 
C are interchanged ; then we arrive at the following result : Previously, 
the strongest north pole was produced first on the top, then below to 
the left, next below to the right, etc., giving a field rotation in a 
counter-clockwise direction. When now the change is made, the 
north pole is produced firstly at the top, then below on the right, next 
below on the left, and so on : hence the field is rotating clockwise. 
The same result may be effected by changing the phases A and B or 
CandA. 

These alterations of connections refer of course only to that part 
of the motor fed by the alternating current. Altering the con- 
nections in the rotor of an induction motor or in the magnet 
system of a synchronous motor are without effect on the direction of 
rotation, because the armature of an induction motor or the magnet 
system of a synchronous motor are always made to revolve with the 
rotating field that is produced by the supplied alternating current. 



Faults with Alternating-current Motors 

If we try to reverse the direction of a 3-phase motor by changing 
the two ends of one phase as we did with the 2-phase and the single- 
phase motor with auxiliary phase, the result will be of interest The 
motor is then no longer a 3-phase motor, and it either does not run 
at all, or only with a third of its normal speed, consuming at the 
same time an excessive current, and soon getting very hot. For in 
this case phase A will, at the moment of its maximum strength, 
produce a north pole at the bottom; a third period later phase 
B, which is still connected as before, will produce a north pole below 
to the left; and again, after a third period, phase C will produce a 
north pole below to the right. 

With a slip-ring motor we may, by observing the armature 
voltage, perceive exactly whether the motor has a correct rotating- 
field connection or not. With a properly connected 2- or 3-phase 
motor a lamp connected with the armature slip-rings will burn 
regularly as long as the armature circuit is not closed (see p. 
245). The position of the armature does not make any difference, 
since the field rotates with a uniform speed about ^he stationary 
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armature. With a single-phase motor, however, we have no rotating, 
but merely a pulsating field, and thus, according to the position of 
the respective armature coil in the pulsating field, the lamp will bum 
either brightly or with little light or will not bum at all. The same 
will occur with any irregular rotating field ;' thus, for instance, with 
a single-phase motor with auxiliary phase, or with the erroneous 
connection of a 3-phase motor just mentioned. Hence, if we con- 
nect a lamp or a voltmeter with two slip-rings of the armature, and 
with a slow rotation of the armature we observe that the voltage 
between the two slip-rings varies considerably, then we infer that 
there is something wrong with the 3-phase motor. If one of the 
3-phases is disconnected, so that the motor is on 2-phascs, then 
the same phenomenon may be observed as with the single-phase 
motor. 

There is another fault sometimes found in the working of 
induction motors. If one phase of the armature is disconnected — 
— for instance, if one of the bmshes is not in contact with its slip-ring, 
then the motor may run at half speed. If this happens we can easily 
make sure whether there is a disconnection in the armature itself, in 
the brushes or in the starter circuit, by examining, with a lamp or a 
voltmeter, firstly the voltage between each two of the three slip- 
rings, then the three brush holders, etc. If the disconnection is 
within the armature, then, if the brushes are taken off and the 
stator windings are switched in, no voltage can be observed between 
one of the slip-rings and either of the two others: hence a lamp 
connected with this slip-ring does not bum, and a voltmeter is not 
deflected. 



Multiphase Synchronous Motors and 
Transformers 

It is really due to the excellent properties of asynchronous 
motors, that the multiphase system has gained so much ground. 
Since this system was introduced engineers have studied the design 
of all necessary machines and apparatus for poly-phase installation. 
It is, of course, always possible to take from a 3-phase net-work 
single-phase current by employing only two mains — either two outer, 
or an outer and the neutral wire, if such is available. In any of 
these cases the generator is loaded unequally. 

But there are no diflSculties in building synchronous motors 
and transformers for multiphase current. Midtiphase synchronous 
motors are even smaller, and thus cheaper, than single-phase ones 
for equal output. 
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Any 3-phase generator may, of course, be used as a 3-phase 
synchronous motor. 

Multiphase synchronous motors are, like single-phase ones, 
generally employed in sub-stations for converting 3-phase into 
continuous current. The converter with six slip-rings shown in 
Fig. 200, is indeed a S-phase to continuous-current converter. 

3-phase transformers are combinations of three single-phase 
transformers. They may consist of three iron cores, placed side by 
side, and connected at the ends by two common yokes. Both the 
vertical cores and the yokes have of course to be composed of 
insulated iron discs. Over each core the primary and secondary 
winding of one phase are wound. The primary and secondary coils 
may be either star- or mesh-connected. 

The magnetic lines of force correspond here in magnitude and 
direction to the currents' in the 3-phase system. If the flux has its 
maximum value in one core directed upwards, then it is directed 
downwards and has but half the value in each of the two other cores. 
Hence the lines of force driven upwards through one iron core 
always return through the two others, or vice versa. 

For 2-phase systems 2-phase transformers are not especially 
designed, but for each phase a separate transformer is employed. 
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Synchronizer for Multiphase Machines 

The connections of synchronizing lamps for 3-phase current are 
similar to those for single-phase current. For low voltages three 
lamps may be connected 

between the terminals ^^Z A' 

AA', BB', and CC (see ' ' "~ 

Fig. 259). If all three 
lamps become simulta- 
neously dark or bright, 
then the connections are 
all right, and at an instant 
of darkness the switch 
may be closed. It might, 
however, happen that, on 
starting the machines, 
or after any alteration on 
the machine or switch- 
board, the lamps do not 

become bright or dark simultaneously, but one after the other. This 
is a sign that the succession of the cables on the terminals of the 
one machine does not correspond with the succession of cables on 
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Fia. 259. — Arrangement of Synchronizing Lamps 
for Three-pbase Circuit. 
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the terminals of the other machine. In this case, any two of the 
cables may be changed; for instance, that cable which was pre- 
viously connected with the switch terminal A' might now be 
connected with B', and that of B' with A'. 

StUl in another way we can assure ourselves before starting that 
the cables of the two machines are correspondingly connected with 
the switch, viz. by switching a 3-phase motor first on the terminals 
A, B, and C, and then in exactly the same way on A'B'C'(that terminal 
of the motor which was on A before now to be connected with A', B 
before now with B'). If the direction of rotation is the same in the 
second case as it was in the first one, then the connections are all 

right; if the direction of 
A^ A' rotation is opposite, then 

^~^^ 0—^—1— I ^^Q of these cables must 

be changed as before. 

About the proper con- 
nection of the two ma- 
chines we have to make 
sure— once for all — be- 
fore switching them in 
parallel the first time. 
In subsequent work it is 
quite sufficient that one 
phase of one machine is 
synchronous with the 
corresponding J)hase of 
the second machine, for 
in this case it is certain that also the two other phfiMs of the first 
machine are in synchronism with those of the second one. Hence, 
for the normal working of the machine, three synchronizing lamps 
are not required as is shown in Fig. 259, but two or one respectively, 
as with a single-phase system. 

For high tension likewise, only a single-phase transformer is 
required, wliich then is switched between two mains. This arrange- 
ment, shown in Fig. 260, corresponds to that of Fig. 212. 

The connections of a 2-phase synchronizer are arranged in exactly 
the same way. 




FiQ. 260. — ^ArrangemeDt of Synchroniziug Lamps 
for High-tension Three-phase Circuits. 
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CHAPTER XII 

EIQE TENSION 

With alternating current work, very frequently high-tension current 
has to be considered, and we shall therefore now deal with the safety 
appliances and arrangements which have to be provided both for 
protecting human life and machines and apparatus against the 
dangerous effects of high- voltage currents. 

The windings of first-class machines are always insulated with 
the very best insulating materials. Notwithstanding this, windings 
may be spoiled if metal or carbon dust or damp is allowed to remain 
on them. Hence the first condition is to keep the machines 
always dean. To keep them dry is, however, not always possible. 
Especially during erection or long disuse, dampness of the 
windings in rooms that are not very dry can hardly be prevented. 
Before a machine is started, it may therefore be necessary to 
dry it thoroughly. This refers both to continuous current and 
alternating current machines. 

With alternating current generators drying is very easily effected. 
For this purpose the machine has to be short-circuited, i.e. all the 
terminals are directly and without any outer circuit connected with 
each other, and an ammeter is inserted in either all or only in one 
phase. Afterwards the machine is started, and the magnet field 
feebly excited, so that the current piK)duced by this weak field is 
equal or somewhat larger than the normal current. The windings 
get warmed, and if the machine be run for several hours, perfect 
drying of the windings can be effected. 

The voltage obtained with a short-circuited alternating current 
generator is negligibly small whenever the ends of each phase are 
connected directly with each other. This is, for instance, the case 
with a short-ckcuited single-phase generator, a 2-phase, a mesh-con- 
nected 3-phase generator, and also with a star-connected generator, 
the star-point of which is short-circuited together with the three 
outer terminals. In all these cases there is practically no voltage 
in the short-circuited machines. With a star-connected 3-phase 
machine, on the other hand, in which the outer terminals only are 
connected with each other, there might under certain circumstances 
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be considerable voltages. With such high-tension machines, even 
when short-circuited, one must avoid touching the windings. 

Synchronous motors may be dried in the same way as generators, 
by short-circuiting the alternating current terminals, driving the 
machine as a generator, and exciting the field. 

Induction motors may be heated by reducing the generator 
voltage to a small value, short-circuiting the starting resistances 
of the motor, and putting a brake on the armature. Then, despite 
the low voltage, a considerable current will flow both through the 
stator and the braked rotor. 

In a corresponding manner static transformers may be treated 
by short-circuiting the secondary winding and connecting the primary 
(high-tension) winding with a voltage far lower than the normal 
pressure (about 3 to 5 per cent, of the latter). The ciurent flowing 
through the coils is then about as much as, or a little greater than, 
that for which they have been designed. 

Machines and transformers may easily be manufactured so that 
with proper management they remain in a proper state for a very 
long time. But with ammeters and voltmeters and other instru- 
ments it is very difficult to provide sm insulation which can stand 
voltages of several thousand volts with certainty. When ammeters 
are employed in high-tension plants, they must always be mounted 
on a very good insulating base. Voltmeters, measuring the voltage 
directly between two high-tension terminals, are seldom employed. 
Generally measuring transformers are used, the ratio of the number 
of high- and low- tension windings being definitely fixed as required. 
If, for instance, the primary winding has 100 times as many turns 
as the secondary, then at a primary voltage of 5000 on the terminals 
of the low-voltage coil a voltage of 50 will appear. Generally the 
scale of the reading instrument is not marked with the secondary, 
but with the primary voltage, so that, for instance, that point to 
which the pointer of the instrument is deflected with 50 volts is 
marked 5000. 

There are also measuring transformers for ammeters, the " current 
transformers." Hence high-tension switchboards may be manufac- 
tured without any high-tension apparatus at the front. Voltmeters, 
ammeters, and watt-meters are inserted in low-tension circuits. The 
measuring transformers, the high-tension fuses, and the high-tension 
switches are placed behind the board, and nothing but the long 
insulated handles of the switches project at the front of the board. 

In connection with high-tension switches there are generally 
employed special devices, so that on opening the switch there 
are long air gaps between the contacts, hence the arc that is 
produced on breaking a high-voltage current is destroyed (see 
Pig. 261). 
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For the same reason high-tension fuses are of special construction, 
and frequently of considerable length. Gene- 
rally the fuse wires are enveloped in insu- 
lated safety tubes, by which splashing of the 
melted fuse wire is prevented (see Fig. 262). 

An essential feature with which we 
have still to deal, is the safety of persons 
in chai^ of high-tension plants. It is a 
matter of course that in no case two 
terminals of difiFerent voltages must be 
touched, but to touch even a single high- 
tension terminal must also strictly be 
avoided. This might have fatal conse- 
quences for a man standing on an uninsu- 
lated place if there existed anywhere an 
earth connection with the second pole. 
With alternating current machines a fatal 
shock may result, although the whole net- 
work may be very well insulated ; for, as we 
have learned from the eflTect of capacity, 
there is even in a wire connected to a 
single pole a current continuously flowing 
in and out. Hence, if a person in contact 
with earth touches one pole, he will receive 
a current flowing to earth, and even this 
may prove fatal. 




Fio. 261. — High Teurion 
Switch. {The Brush Company,) 




Via, 262.~High-ten8ioii Fuse. (The Brush Company^) 
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Therefore, if it is necessary to touch working high-tension 
machines, apparatus, or " live " mains, insidation of the operator is 
necessary — a position on a good uninjured india-rubber plate or dry 
wood, the protection of the hands with good rubber gloves, and the 
wearing of rubber shoes are necessary precautions. With high-tension 
plants other dangers may arise in addition to those due to touching 
the mains. Assuming that a high-tension generator or transformer is 
fixed on an insulated foundation, and that one pole of the machine 
has a connection with the frame. If the insulation of the windings 
is uninjured, then obviously there can be no short circuit, and hence 
no interruption of work will happen. But the frame of the machine 
is now in connection with one pole, so that touching the frame is, 
for a man standing on the earth, just as dangerous as touching one 
high-tension terminal. If somewhere in the network there is another 
pole earthed, then the attendant stands in a manner with his feet 
on one pole of the high-tension service, touching with the hands the 
second pole. It is, therefore, generally specified that such insulated 
machines and transformers must be provided with an insulating 
platform. 

There is still another means of protection against such accidents — 
connect all machines and transformer frames vMh earth. This might 
be done, for instance, by fixing a copper wire to a machine bolt, and 
leading it to an earth plate or to the water pipe. K there is a good 
connection between earth and the machine frame, then a considerable 
potential difference cannot appear between them, and the frame 
may be touched without any danger. If, now, one pole of the 
machine at any time touches the iron frame, and the other pole has 
anywhere in the network an earth connection, then, of course, an 
interruption of the work will follow, due to the short circuit, but 
without endangering human life. It is, notwithstanding, possible, 
with a bad earth connection, for a considerable voltage to exist 
between the iron frame and the earth, and therefore the very best con- 
nection between earth and the iron part of the machine is the main 
requirement with high-tension plants. Where a good earth con- 
nection cannot be made, the machine should be insulated from 
the earth, but in this case an insulated platform round the machine 
is required. 

The same refers also to switchboard apparatus— either an 
insulated platform in front of the switchboard in cases in which 
the touching of all parts carrying current cannot be avoided, or earth 
connection with all places which have to be touched must be made. 
In the latter case all levers of the high-tension switches, the iron 
frame of the board, the cores of the measuring transformers, etc, must 
be connected with earth. If there are high-tension ammeters on the 
switchboard, they are either enclosed in an insulating box, or covered 
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with a metal box, which latter is then connected with earth. The 
metal box has, of course, in the front, a glass window. 

The limit at which the voltage becomes dangerous cannot be 
stated exactly. Generally voltages up to 500 volts are not fatal, 
whilst under especially unfavourable circumstances shocks of even 
200 volts may have fatal results. 



Lightning Arresters 

With any overhead electric mains, whether they carry either high 
or low tension, continuous or alternating currents, it is necessary to 
arrange safety appliances to guard against lightning discharges. 
Lightning consists of an electric arc which strikes either across two 
clouds or a cloud and any object on the earth. Its potential is always 
extremely high, and sometimes amounts to many millions of volts. It 
is therefore able to break down any insulation, and to cross air gaps 
in a way that would be impossible in the case of relatively low 
voltages. Very frequently discharges of atmospheric electricity occur 
which are invisible to the eyes (so-called dark discharges), but which 
may damage electrical machines and apparatus. 

From many observations it has been found that lightning does not 
consist of a single discharge, but that, despite the short time of dis- 
charge, a frequent alteration of the current direction takes place. 
Lightning is hence really an alternating current with an extremely 
high periodicity, many hundred times greater than that of the usual 
alternating currents. Even if lightning lasts but a fraction of a 
second, yet it changes its current direction in this short time many 
thousand times. 

Now, the effect of self-induction is far greater with a high 
than with a low periodicity. With alternating currents of usual 
periodicity we have observed strong induction effects on coils with 
iron cores, whilst with currents of such a high periodicity as with 
lightning, even on coils consisting of very few windings and having 
no iron cores, we can observe strong self-induction effects. Since 
a circuit having a large self-induction produces a back E.M.F. which 
opposes the increase of the current-strength, this is equivalent to 
adding a very large resistance to the circuit. Hence if we provide 
for the lightning discharge two paths, one of them leading through a 
coil, and the other one through an air gap to the earth, then by far 
the greatest part of the discharge will flow through the air gap to the 
earth, whereas, on account of the high inductive resistance, but a 
small part will flow through the coil. This fact has been used to 
prevent lightning from flowing through sensitive apparatus, and for 
conducting it in a harmless way to the earth. 
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The simplest — and for high-tension mains the safest — type of 
lightning arrester is shown in Fig. 263. It consists of two hom- 
shaped thick copper wires placed opposite each 
other and fixed on porcelain insulators. One 
horn is connected with the supply line, from 
the other one a cable is led to an earth 
plate. The two horns do not touch each 
other. The least distance between them 
varies, according to their position (whether 
fixed in rooms or outside), between ^.j to ^ 
inch. The usual dynamo voltage cannot 
bridge over this distance. 

Before the aerial line is connected to any 

machine, or to any transformer, a coil con- 

Fio 263 — Liffhtninjr sisting of several windings is interposed. This 
Arrester. latter does not offer any obstacle to continuous 

currents, or for alternating currents of the 
usual periodicity. If a discharge of atmospheric electricity into the 
line takes place, then this discharge current will not flow through 
the induction coil, which offers to it a very high resistance, but will 
flash over the air gap to the second horn, where it finds a direct way 
to the earth. 

Since there is now formed an arc between the two horns, the 
dynamo current could also take this way. But this bridging of the 
horns by means of the arc lasts only a very short time. By the action 
of the stream of heated air the arc rises upwards, becoming longer (in 
this the special shape of the horns assists), till finally, like the arc of 
an arc lamp, the carbons of which are separated too far from each 
other, it is extinguished. All this happens during a brief period, 
and afterwards the plant remains without injury. 

In addition to the one just described, there are many other types 
of lightning arresters. In one type many metal and mica plates are 
arranged alternately one upon the other. The first metal plate is 
connected with the line, the last one with the earth. This row is 
practically an insulator for a low voltage, but a lightning discharge 
glides over the outer surface of the mica and metal plates. 

Every aerial line must be protected by a lightning arrester, before 
it is passed within any building. 
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Accumulators, 145 
AltercaiiDg currcntB, 60, 182 
Alternators, 203 
Ammeter, 6 
Ampere, 5 
Ainp^re*B Rule, 44 
Ampere-turns, 45 
Apparent watts, 202 
Aro-lamp, 173 
Armature rpaction, 128 
Attraction of magnets, 40 
Automatic shunt regulator, 109 



Back electro-motive force, 114 
Biir magnet, 39 
Battery switch, 152, 156 
Blow-out, magnetic, 144 
Booster, 155 

Board of Trade Unit, 1G3 
Brake, electric, 142 
Branching of circuits, 17 
Bremer lamp, 181 
Brushes, 59 
Buffer hattery, 161 



Gables, 30 
Calibration, 6 
Calorie, 27 
Capacity, 250 
Carbon brushes, 102 
Change-over switch, 130 
Choking coil, 199 
Closed circuit characteristic, 76 
Closed ooil armature, 65 
Combined resistance, 19 
Compound dynamo, 82 
Compound motor, 122 
Commutator, 60 
Commutator motor, 220 
Concentric cables, 31 



Conductors, 9 

Consequent poles, 93 

Continuous current, 60 

Controller, 141 

Core, 2 

Cooper Hewitt Lamp, 181 

Copper wires, sizes and resistance, 88 

Counter-electromotive force, 114 

Cut-out, 35 



Decomposition of water, 3 
Delta connection, 240 
Deprez instrument, 48 
Displacement of brushes, 99 
Double-current machine, 204 
Drop of potential, 15 
Drum armature, 69 
Dynamo, 58 



Eddt currents, 68 
Edison type, 84 
Effective' current, 185 
Electric current, 2 
Electric motor, 113 
Electric traction, 139 
Electrical machines, 57 
Electrical power, 23 
Electrical work, 22 
Electro-dynamic action, 51 
Electro-dynamometer, 51 
Electro-magnets, 2, 51 
Electro-magnetic ammeter, 5 
Electro-magnetic voltmeter, 21 
Electro-motive force, 4 
Enclosed arc lamp, 181 
Enclosed motor, 137 
Equalizing wire, 105 



Faurb, 147 
Fixed lead, 103 
Fuse, 35 
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G 

Galyaisig battery, 2 
Galvanic cell, 1 
Galvanometer ooil, 45 
Geared motor, 140 
Glow lamp, 23, 169 
Gramme ring, 64 
Gramme type, 87 



Hand Rule, 57 
Helix, 45 
High tension, 259 
Horse-power, 26 
Horse-Bboc magnet, 89 
Hot-wire ammeter, 6 
Hot-wire voltmeter, 22 
HyslercBiB loss. 111 



iNCAiVDEfiOENT lamp, 23, 169 
Indnotion, 55 
Induction motor, 224 
Inner-pole machine, 207 
Insulators, 9, SO 
Internal resistance, 15 



Kapp type, 84 
KHzik arc lamp, 177 



Lahmeyeb type, 86 
Lightning-arrester, 263 
Loop winding, 96 



Magnets, 89, 63 
Magnetic circuit, 53 
Magnetic curves, 42 
Magnetic field, 43 
Magnetic lines of force, 42 
Magnetic needle, 39 
Magnetization cliaracteristic, 75 
Magneto-motive force, 53 
Magnet system, 73 
Mains, 28 



Manchester type, 86 
Maximum cut-out, 159 
Meeh connection, 240 
Minimum cut-out, 158 
Molecular magnets, 52 
Moving ooil instrument, 48 
Multiphase generator, 232 
Multipolar dynamo, 89 



N 



Nbbnbt lamp, 171 
Neutral zone, 66 



O 



Ohm, 10 
Ohm*s Law, 11 
Osmium Lamp, 181 



Parallel circuits, 17 
Permanent magnetism, 53 
Phase-difference, 194 
Phasemeter, 202 
Pitch of winding, 70 
Plant!?, 147 

Pole-finding paper, 168 
Pole-finder, 49 
Poles, 3 

Porcelain insulator, 30 
Power-factor, 200 
Pressure losses, 29 



Rbgulatino resistance, 77 
Remonence, 52 
Repulsion of magnets, 40 
Residual magnetism, 52 
Resistance frame, 13 
Reversing apparatus, 129 
Reversing and starting switch, 131 
Ring-armltture, 64 
Rotary converter, 218 
Rotating field, 223 



S 

Satubation of magnets, 55 

Self-excitation, 79 

Series circuits, 17 

Series dynamo, 81 

Series motor, 119 

Series power transmission, 121 

Series winding, 81 
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Shunt, 49 

Shunt dynamo, 79 

Shunt motor, 116 

Shell transformer, 192 

Siemens armature, 58 

Simple circuit, 15 

Slots, 72 

Slip, 224 

Slip ring, 59 

Smooth armatures, 73 

Solenoid, 45 

Sparking, 99 

Specific robistanoe, 11 

Speed regulation, 117 

Squirrel cage rotor, 225 

Star connection, 239 

Starter, 116 

Stator, 224 

Stray lines, 54 

Synchronism, 212 

Synchronizer, 212 

Synchronizer for multiphase machines, 257 

Synchronous motor, 216 



Thbeb-phase current, 228 
Toothed armatures, 73 
Tram-motor, 140 
Transformer, 188 



Volt, 8 
Volta,8 

Voltage drop, 15 
Voltameter, 5 
Voltmeter, 21 



W 

Watt, 33 

Wattless current, 198 

Wattmeter, 200 



THE END 



PIIKTRD BT WILLIAM CLOWK8 AMD 00KB. UMTTED. LOHDOS AND BROOLBS. 



Digitized by VjOOQ IC 



Digitized by 



Google 



REVIEWS 



FROM THE ''ELEKTBOTECHNISCHE ZElTSOHElFTr 1902, HEFT 29. 

PAGE 637. 

" The author is known to our readers through his papers in the E,T,Z, By this 
hook he has produced a work which, first of all, is considered to serve for the 
instruction of mechanics, fitters, and those engaged in installation work. The work 
has had its origin in a series of lectures which &e author delivered to the workmen 
and the staff of an important electrical manufacturing firm. The hook, therefore, 
does not demand much preparatory schooling. This cannot he thought a fault 
at all ; on the contrary, we esteem it a merit if the author is able to make his 
matter clear to readers without the help of scientific expressions and a scientific 
manner of explanation ; and this gift the author does really possess. 

" According to the title, the book is intended also for the laity. In his preface 
the author seems to set a great value on that it should be read by workmeui and 
thus by people who are but little technically educated. He mentions, as if only 
by the way, that the laity mav probably read this book with profit. In this list 
of readers the author has, we believe, been too modest There are very few good 
books of this kind, which can be understood by people in general, although there is 
a great demand for works of this kind — for nearly everybody is nowadays interested 
in Electrical Engineering, and not only specially educated people. In these circles 
the want of a popularly written book about Electrical Engineering, which for its 
comprehension does not demand any scientific education, is a verv lively one. The 
author has been able to write his book so clearly that it is also interesting for 
such people. 

" The range of subjects dealt with is rather an extensive one, and hence detailed 
descriptions nave been impossible. In the first two chapters the fundamental 
phenomena of the electric current and magnetism have been dealt with. After this 
the author proceeds to describe continuous current machines, giving examples of 
electric motors and dynamos. The windings are explained by diagrams, and not 
by winding tables. Some machines are illustrated and described, but the number 
of examples, according to the purpose of the book, is not too large. The chapter 
about motors also deals with electric railways and the description of tram motors 
and the electric appliances of tram-cars. This chapter is followed by one about 
accumulators, ana by another one about the working of continuous current 
dynamos in parallel. About ^low and arc lamps only as much is said as is 
necessary to explain their workmg. 

" The author must have met with great difficulties in the chapter about 
alternating currents, for a popular description of alternating current apparatus 
is^ by no means an easy task. The author has, however, executed this task 
with skill. He has managed this matter without the helf) of mathematical 
formulae. There are a few illustrations of machines, wlilch will give the reader 

^. ^.„„, ^oogle 



REVIEWS— continued 

a clear idea about the construction of such machines. Multiphase systems are 
represented by schematical drawings, enabling the author to proceed from the 
simple to the more complicated problems, and he has made this matter clear to 
the general reader. The last two chapters are devoted to mains and switches 
for high-tension and to lightning arresters. 

" The expert will hardly find in this book anything that is new to him ; whereas 
beginners in Electrical Engineering, and last — ^but not Jeast — the generally educated 
public, will read it with ease. To all such we can warmly recommend tms book.^' 

GISBERT KAPP. 



FROM THE '' ZE1T8CHR1FT FUR ELECTROTECENIK,'* SEPTEMBER 17, 

1902. 

*' In this book the author gives in a very popular way the fundamental principles 
of modern Electrical Engineering. Starting with the fundamental laws, the measure- 
ing apparatus, continuous current machines, their working with different con- 
nections, accumulators, and electric lighting, are dealt with in a logical development, 
and as examples of the application of principles. 

^* The gift of the autnor to explain with simple means matters which are gene- 
rally difficult to be understood by the general public, can he especially observed 
in the chapters about alternating currents. Since the author has had to avoid 
mathematical and geometrical methods, he explains the characteristic properties by 
means of cleverly selected comparisons and experiments. . . . • 

" This book is excellently suitable to give to anybody with but little electrical 
knowledge, a very good idea of Electrical Engineering.^* 



FROM THE ** ZEITSCHRIFT DE8 VERIENES DEUSCHER INGBNIEURE,*' 
No, 40, pag$ 1517 (1902). 

"The chief engineer of the firm *Gebr. Korting,* known from his scientific 
papers in the Electroteclinische Zeitschrift^ has pnbliBQed the lectures he delivered 
two years ago, to the workmen and the staff of the Austrian Schuckert works, in 
book form. In the first chapter the electric, in the second chapter the magnetic 
phenomena are dealt with ; then follow, one after the other, continuous current 
machines, electric motors, accumulators, working in parallel of continuous current 
machines, electric lighting, alternating currents, alternators, alternating current 
motors and multiphase current. Of all popular text books of electrical engineering 
known to us« this book is the one which is most easily to be understood ; in addition, 
it has this advantage over many similar books — that it is correct in all its parts. 
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